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Constants

Bond Number
Biot Number

constant
capillary number
specific heat
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Stefan-Boltzmann Constant

Cauchy Number
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tube inner diameter

hydraulic diameter
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acceleration of gravity
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height difference
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overall heat transfer coefficient
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Kossovich Number

Knudsen Number

characteristic length

length of evaporator active zone
length

length of evaporator active zone

length of LHP

molar mass
mass flow
charging mass of working fluid

Mach Number




rn
Ra =

Re:gjg
5%

R9=M

glp’BATC,

Ap

Nusselt Number

critical number of molecules in cluster

mumber density
Avagadro Number

Ohnesorge Number
pressure

reduced pressure
Prandtl Number

Phase Change Number

Peclet Number

heat input

heat rate

radius

nucleation radios of vapor bubbles

Rayleigh Number
Superficial Reynolds Number
Reynolds Number

area
Suratman Number
temperature

time

volume

LHP total volume

effective molecular volume of liquid
velocity

Weber Number




>

m > R N

m
[+)

ch
Pve
Pin

Pwn

<

Subscripts
b
c

cap
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difference between values
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potential parameter

potential energy

pseudo- convection coefficient
potential parameter

fluid density

liquid density (cold case)
vapor density (cold case)
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dynamic viscosity

thermal conductivity
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surface tension
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Introduction
Loop heat pipes (LHP) are efficient devices for heat transfer and use the basic principle of a closed

evaporation-condensation cycle. The advantage of using a loop heat pipe over other conventional methods

is that large quantities of heat can be transported through a small cross-sectional area over a considerable

distance with no additional power input to the system. By using LHPs, it seems possible to meet the
growing demand for high-power cooling devices. Although they are somewhat similar to conventional
heat pipes, LHPs have a whole set of unique properties, such as low pressure drops and flexible lines
between condenser and evaporator, that make them rather promising.

LHPs are capable of providing a means of transporting heat over long distances with no input power
other than the heat being transported because of the specially designed evaporator and the separation of
liquid and vapor lines. The correlation of the geometrical, structural, and physicochemical properties of
the LHP elements and of the working fluid plays a key role in helping LHPs successfully and reliably
start-up and operate in a required range of temperatures, given specific heat loads, and ambient
conditions. For LHP design and fabrication, preliminary analysis on the basis of dimensionless criteria is
necessary because of certain complicated phenomena that take place in the heat pipe.

Modeling the performance of the LHP and miniaturizing its size are tasks and objectives of current
research. In the course of this work, the LHP and its components, including the evaporator (the most
critical and complex part of the LHP), were modeled with the corresponding dimensionless groups also
being investigated. Next, analysis of heat and mass transfer processes in the LHP, selection of the most
weighted criteria from known dimensionless groups (thermal-fluid sciences), heat transfer rate limits,
(heat pipe theory), and experimental ratios which are unique to a given heat pipe class are discussed.

In the third part of the report, two-phase flow heat and mass transfer performances inside the LHP
condenser are analyzed and calculated for Earth-normal gravity and microgravity conditions. On the basis
of recent models and experimental databanks, an analysis for condensing two-phase flow regimes,

pressure gradients, and local heat transfer coefficients using ammonia, propylene, and R134, are carried

out.




»

LHP COMPONENT SCALING

The fluid flow and heat transfer in the scaled model and in the original will be equivalent only if the
velocity, temperature, and pressure fields are identical, making the scaling a very complicated issue. To
enforce the identity of velocity, temperature, and pressure fields, the dimensionless numbers describing
- —the. problem-must.-be -equal-for the model -and for the original. Eighteen dimensionless groups are
considered crucial for the thermal-gravitational scaling of two-phase loops [1]. An 18-number approach is
not a limit. The actnal number depends on the depth of the physical problem consideration and on the
number of selected physical parameters. There is perfect similarity between the model and the original if
all dimensionless numbers are identical for both. Obviously, this cannot be achieved for two-phase flow

and heat transfer, because the govemning phenomena are too complex and the number of dimensionless
numbers too large.

Table 1-Governing Parameters for LHP Elements

LHP Element Important Phenomena Governing Parameters
Liquid line Heat exchange m, c,,, A, 1,
Pressure loss v, m, P dn In g, AH
Compensation Chamber Heat exchange m, p, (T), C,,
L Y .
Evaporator Evaporation m,hey T, > 84,0 lg,
Pressure loss (wick structure) MK, .5, .V,
Capillary head
Pressure loss (vapor grooves) O:ler 8
Heat exchange M85l Mg Vs
Mm,Cp,Cpy Ay, Ay
Vapor Line Heat exchange m,Cp, A1y
Pressure loss v,,m,p,,d,.l,
Condenser & Subcooler Heat exchange m,hy ,Cp leule Tl
Pressure loss v, i, T

Distorted scaling offers some possibilities, when not the entire LHP but only elements of the LHP are
involved. Distorted (or imperfect) scaling also can lead to useful results because there are parameters that

have only a minor influence: for instance, the Mach number for incompressible flow or the Froude




number for pure vapor flow. In addition, the geometric distortion is impractical when the length scaling
leads to excessively small (capillary) conduits in the model. However, for studies of boundary layer
effects and boiling heat transfer, a geometric distortion is not permitted, since the surface roughness is

very important in such problems. The governing parameters for the main phenomena in the LHP section

are presented in Table 1. ———-— ——— —— v

Liquid and Vapor Line Scaling

If the Buckingham n-Theorem for liquid line scaling is applied, the dimensionless formulations of

pressure loss and temperature change phenomena can be stated as:

Ap /

— = f| Re,,—,Fr,,cos 1
pVz f( e/’d, ! (W)j ¢y
ATio _ htotATca CI’»"AT‘Ei 2
AT, —f[ pdv® v @

where AT, is the working fluid temperature drop between the points where the fluid enters and leaves the
liquid line; AT, is the temperature difference between the fluid at the end of condenser and the ambient;
h,,is the overall heat transfer coefficient between the ambient and the working fluid in the liquid line.

One of the purposes of this scaling work was a reduction of the size of all the components of the LHP.
Therefore, a reduction of radius and length of the liquid line in particular were necessary. Reducing the
radius has only a very small effect on the temperature change. When reducing the radius, while keeping
the mass flow rate through the liquid line constant, the velocity of the liquid has to increase. Hence, the
temperature change decreases, which in turn usually has a positive effect on the performance of the LHP.
Due to this behavior, a first look at the pressure drop across the liquid line is made. For perfect
similitude, all non-dimensional numbers must be identical for the original and the model. Assuming no
change in gravity or the orientation in the gravity field, the Reynolds number, the Froude number, and the
length to diameter ratio must be the same for both versions of the liquid line. Mathematically, this can be

expressed for two working fluids (x and y) as follows:

[Re], =[Rel]y [Fr), =[Fn],

()
ARVl
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In these equations, the velocity of the flnid can be expressed as:

4 _ 4Q,
d’np d’mph,,

This leaves three parameters to satisfy the conditions for similitude with respect to pressure drop:
liquid line diameter, length, and heat input to the evaporator Q,, . After mathematical reorganization of

Eq. (3) the following are expressions for d,, /,,and Q_ :

23 23
4T
B, Px )

QeV.X — dx Ky, h’ﬂ—"
Q’V:y dy u)’ h’ﬂ-y

/

X

Iy

fia ala

Figure 1 shows the ratio for the diameter and also for the length for three different working fluids
with respect to ammonia. The shape of the curves in Fig. 1 is mainly due to the ratio y, /u, , which shows
the same behavior as a function of temperature. The ratio of the densities has only a minor influence on
the shape of the curves because its variation with temperature is relatively small.

Table 2 shows the results of scaling using the five working fluids presented. The results were
calculated for an ammonia LHP with a liquid line length of /, = 0.7 m, a liquid line diameter of d,= 3

mm, and an evaporator heat input of Q_ =30 W.

11
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Fig. 1. Ratios of line diameters for three working fluids as a function of temperature

Depending on the working fluids used, there is a broad range of scaling possibilities. For the
presented fluids, the line diameter could be scaled in the range from 0.775 to 2.68 times the diameter of a
liquid line designed for ammonia. At the same time, the heat input to the evaporator has to be adjusted.
This can be done in a range from 0.0001 to 39.38 times the value for ammonia LHP. The temperature
change has been also documented in Table 2. It shows that the change in temperature is only minor. When
scaling the liquid line, the focus was on the pressure drop because this limits the transport capacity of the
LHP. The change in temperature was considered to be a minor effect, which also is justified by the
results. The temperature change was calculated for two different cases. While the line diameter, the
length of the line, and the heat input to the evaporator of the ammonia version were kept constant, the

ambient temperature was varied to show the influence on temperature change. The change,AT,, was
calculated for an ambient temperature of 303.15K. The change, AT,, Was calculated for an ambient

temperature of 333.15K. The condenser exit temperature was kept at a constant 274.15K for all

calculations. The results show that the temperature change of the scaled liquid line is always smaller than

the temperature change in the ammonia case.

12




Table 2-Liquid line scaling results at T=290 K

By analogy to liquid line scaling, the vapor line scale analysis can be made. The influence of gravity
for this case can be neglected. Doing so will simplify the expression for pressure drop and reduce the
number of independent dimensionless numbers to two (Re, and /,/d, ). Thus, only one parameter has to
be adjusted to yield similitude with respect to the pressure drop.

LHP Evaporator Scaling

Deriving non-dimensional numbers for the evaporator

Scaling of the LHP evaporator and its elements is a far more complicated problem. The results will
have a strong dependence on simplifications and suggestions that would be made during governing
parameter selection and analysis of the heat and mass transfer processes in this LHP element. Attempting
to take into account every parameter (without performing an analysis of its significance) confuses the
problem and can lead to the conclusion that simultaneous thermal and hydraulic LHP scaling might even
be impossible.Scaling generally can be done with respect to several aspects, e.g. geometrical scaling, fluid
to fluid scaling, or gravitational scaling. Based on models, non-dimensional groups that can be used to
evaluate scaling issues were derived and the possibility of scaling was evaluated.

The evaporator is the most complex part of the LHP. There are basically two geometric
configurations used for the evaporator:

o Plate evaporator

e Cylindrical evaporator

13

Fluid Scaling Scaling Ap AT, K by, WK AT,K
e factor g~ ~| -factor- gz — Vi
Water 2.62 39.4 2.035x10° 0.68 0.025 14
Butane 1.11 0.390 2.035x10° 145 1 0.005 2.39
Propane 0.932 0.305 2035x10° 1.75 0.005 3.53
Propylene 0.775 0.133 2035x10° 2.86 0.005 5.78
Ammonia 1 1 2.035x10° 3.05 0.018 6.34
Methanol 1.45 2.89 2.035x10° 0.66 0.009 1.35



In this work, we focus on the cylindrical configuration, because it is the most common version. A
schematic of the cylindrical evaporator is shown in Fig. 2. A number of important, non-dimensional

groups for a certain scaling approach also depend on the physical phenomena considered relevant for a

certain application.

R

Fig. 2 Model of LHP evaporator

Perfect similitude between model and original can be achieved only if all 18 [1] non-dimensional groups
are identical for both. Because not all 18 non-dimensional are equally relevant, ignoring physical phenomena
that are of minor importance can lead to useful results. Though such an approach necessarily leads to imperfect
or distorted scaling, considering a scaled evaporator, perfect scaling seems to be impossible due to the high
number of non-dimensional groups that must be considered and due to technological problems. lLe. A
geometric distortion must be accepted because perfect scaling can lead to impractical small-capillary conduits.

We based our scaling approaches on two different models for the evaporator. Because the equations
derived for those models were non-dimensionalized, the physical phenomena implemented in the models
should also considered important for the scaling process.

The first model is based on a model presented by Kiseev, et al. [2]. It is a one-dimensional model,

derived from the one-dimensional energy equation (see Appendix 1), that allows for the calculation of

14




the temperature in the compensation chamber, the vapor temperature, and the temperature difference
between the vapor and the fluid returning to the compensation chamber from the condenser:

| dzT
o , —-L .,)—--——0 o ©)

Thereareseveralasmmpnonsmademthemodel

° Themmpmatmcmthecompensauonchamberequalsthetempmuneonﬂmmmdeofthe
wick. This is valid under non-zero g conditions when natural convection leads to the
equalization of the temperature in the compensation chamber.

. Filtration of working fluid through the capillary structure to the evaporation surface as
well as the heat transfer is realized only in a radial direction. This assumptions holds if
the evaporator length is longer than the diameter and the wick is completely flooded.

U The Clausius-Clapeyron equation can be used, which requires that the compensation
chamber is partly filled with saturated vapor. This case occurs usually in the
autoregulation regime of the LHP.

Non-dimensional groups describing the temperature distribution in the wick were derived by non-
dimensionalizing the corresponding equations and using their boundary conditions as suggested by

Fershtater and Maidanik [3].
The solution of Eq. (6) describes the non-dimensional temperature distribution in the wick of the
evaporator:
}
7——(7) =r™, %)
where
| el 717l ®
“ I, Tv - ch
|
qe,,cpro d2
= 7 = —= d (9
Ao ro(T,-T.)) T2t % )

Thus, to have thermal similitude in model and original, it is necessary to have the same non-dimensional

coordinate ¥ and the same exponent £,,:

15
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Lewlu=Lewle (1)

Equations (10) and (11) lead to a similitude in the temperature field of prototype and model.

Figure 3 shows the effect on the non-dimensional temperature as a function of non-dimensional

coordinate with variations of the effective wick conductivity A.g (assuming the wick is completely
saturated with liquid).

04‘ . ~4—1 "w}mK o N _, -l
L hg3 WK :
e\ =6 WK
3 . w -l
03 - - AT WK
e A =10 WimK
02 : L 4
0.1 -4
c i i tH . | 1 4; i, A —a
[} 2.1 0.2 0.3 0.4 0.5 0.8 0.7 OB 0.8 1

Fig.3. Non-dimensional Temperature Field in the Wick for Different Ag;
Working Fluid — Ammonia.

The full range of r plotted in the Fig. 3, in other words, as r approaches zero, is not used in actual
LHPs, but it gives some insight into the behavior of the temperature when the ratio of the inner and outer

radii of the wick approaches extremes. For high effective conductivities of the saturated wick, the non-

dimensional temperature T shows a steep gradient as r approaches zero, while, for low conductivities,

this is not the case. This behavior is caused by the influence of €, on the solution. High values of A

result in lower values of €, and thus cause a lower temperature gradient on the outside of the wick.

16
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However, because the temperature at r =0 has to be zero according to the model, a steeper temperature
gradient is necessary in this case.
Using fluid to fluid scaling, thermal similitude can be achieved when the outer diameter 7, is
changed to ensure that Eq. (11) is satisfied. The ratio for the outer diameter of prototype and model is in
e this case-given by ———- e e

.[_ﬂ“L —- [q"c"]P [;‘"”(hﬁ + cp(‘Tv - ch))]”

= : az
ARICARTE A=) )

The conductivity of the saturated wick Aes in the general case is a function of the porosity, the
conductivity of the wick material, and the conductivity of the fluid. Figure 4 shows the ratio
[rD]M /[rol for two different working fluids. When changing the outer radius of the wick r,, the
inner radius r; has to be changed accordingly, otherwise the non-dimensional coordinate will not be the

same for prototype and model. With the change of the radii, a change of the total heat input to evaporator
Q,voccurs, if the specific heat input is kept constant.

Ratio RLMIRi.tmmonh

Fig. 4 Scaling factors for the evaporator radius.
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When it is necessary to keep Q.. constant, another expression relating the lengths of prototype and

model can be found that has to be satisfied for thermal similitude:

(], [, [Per(h +6(T, =T )], (13)

e (R e i Py ) S

The pressure drop in the evaporator consists of the pressure drop in the wick and in the vapour
removal grooves. Taking into account that wick pressure drop can be calculated using the Darcy’s law

and AP=Ap, I'o, I, levs 11, Vo, K), non-dimensional groups for the pressure drop in the wick structure can be

derived using the Buckingham-TI-theorem:

m,, = 2P (14)
Ve
=t 15
w2 pVORo ( )
I, = e (16)
R,
K
,, = R_j 17
R.
.. =—t 18
ws Ro ( )

where v, is the radial fluid velocity on the outer radius of the wick, IT,,is the Euler number, IT,,, is the

inverse Reynolds number, and K is the wick permeability.

The non-dimensional groups for the pressure drop in the vapor grooves also can be obtained by using

the Buckingham-II-theorem:

Ap,
.. = 9 (19)
vg1 pvz
- 20
V2 pVeDh ( )
lay
nvg3=_5_h (21)
18




1, = Sex 22)

Hygs = Knonc 23)

where v, is the fluid velocity at the end of the vapor grooves, 1,,, is the dependent non-dimensicnal

!

group, I1,_, is the inverse Reynolds number for the vapor grooves, D, is the hydraulic diameter of one
vapor groove, S, ., is the total cross-sectional area of the vapor grooves, and ki, . is a shape factor that

accounts for non-circular vapor grooves.
Because Eq. 18 can also be derived from Eq. 7, and Egs. 14 and 19 are dependent non-dimensional
groups, there are nine non-dimensional groups that must be identical for prototype and model.

Geometrical Scaling of the Evaporator

Geometrical scaling can be used to derive a miniature model of an existing LHP that works with
the same fluid used inthe original version. Based on the nine non-dimensional groups presented in the
previous paragraph, an approach for geometrical scaling is derived as follows. Equation (12) can be used
to calculate the ratio between the outer radii r, of model and prototype. If the same working fluid is used

and the effective conductivity of the wick Agis kept constant, this equation can be simplified to:

[RoIu - [Qe, Ip

(24)
[ Ro ] P [ qev ]M
which relates the heat input density and the outer radii.
Using Eqg. (18), the inner radius of the wick structure can be determined:
Riy = Ros [5’_] @5)
R, I

Thus, thermal similitude (according to the model) is ensured, leaving hydraulic similitude as a
second requirement to be fulfilled. Using the third non-dimensional group for the pressure drop in the
wick, the length of the scaled evaporator can be calculated:

19




R
/ v = —oM 26
evM = lev,P Ro,P (26)

It can be shown that the inverse Reynolds number is the same for model and prototype if Egs. (24),

(25), and (26) are satisfied. Having defined length, outer diameter, and specific heat input for the scaled

evaporator, it can be shown that the total heat input for model and evaporator have the following ratio:
—_—— = @n

The fourth non-dimensional group derived for the pressure drop in the wick (Eq. [17]) has to be used
to determine the permeability of the scaled wick structure K, :

2
Ku = _R%M_ (28)
KP Ro,P
The permeability of the wick structure is most likely to limit the scaling range, since the permeability
of the wick has to be changed while the conductivity remains constant.

Peterson [4] states the following relations for conductivity and permeability with respect to pore

diameter d p and porosity € (wick is assumed to be modelled by packed spheres):

375(1-e) @)
a2 +4,)-2(1-€) (M -1,)
(@A) +(1-e) (A -2y 30)

When geometric scaling is considered, the permeability K can be adjusted by changing the pore diameter

of the wick while keeping the porosity constant. Thus, the conductivity also remains constant.

20




By using the non-dimensional groups for the pressure drop in the vapor grooves, the dimensions of
the vapor grooves in the scaled evaporator can be determined. From Eq. (11), the hydraunlic diameter of
the model vapor grooves can be obtained:

S S

D,y = -—-.;":: D,p @n
eV

The condition that the Reynolds number in the vapor grooves has to be the same for model and prototype,
results in an equation for total cross-sectional area of the vapor grooves:

[Svufd]u - DIJ:,M - Rg,u

(32)

The same condition can also be derived form Eq. (22).
Thus, the last parameter to be calculated is the shape correction factor k., .. This correction factor

accounts for variations in the vapor groove pressure drop as a result of the non-circular shape of the vapor
grooves. It only can be the same for model and prototype if the shape of the vapor grooves is the same for
both.

So far, we have presented the steps that lead to a similitude of the temperature field and the pressure
drop in the wick and the pressure drop in the vapor grooves. In addition, in Table 1, the capillary head is
mentioned to be an important phenomenon. When the same working fluid and the same material for the
wick structure in model and protoype are used, the surface tension ¢ and the contact angle 8 do not
change. If the scaling is used to derive a miniature LHP, Eq. (29) states that the permeability of the wick
has to be reduced by decreasing the pore diameter of the wick. This, in turn, leads to a higher capillary
head, which consequently has a positive effect on the capillary limit of the LHP. Also, in Table 1, the heat
transfer is considered to be an important phenomenon. Because the same working fluid is used for
geometric scaling and the effective conductivity of the wick is kept constant, there is only a change in the
mass flow rate. The Reynolds-number, however, is kept constant so that the heat transfer coefficient for
the forced convection inside the vapor grooves is the same in both model and prototype.

The second model used for evaporator scaling is a two-dimensional model based on the energy
balance equation:
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2T T 2T
G TR LIS (33)

a T o gz

where Z=—_ It is not necessary to know the analytical solution of the Eq. (33) in order to find non-

z
fo

" dimensional groups that must have the same value for model and prototype.” The non-dimensional groups —

can be derived directly from the Eq. (33). For similitude in the temperature distribution, the necessary

non-dimensional groups are:

T-T,
Hw = cc (3 4)
! Tv - ch
qevCpr 4

I,,=¢, = (35)

w2 " l‘eff (hfg + cp (Tv - ch ))

qevcpr [

I, =¢ = (36)

ve / Xl(hfg + Cp(Tv - ch ))

R,

II,,= Eo— : : 37N
M, =lev (38)

w5 R

By comparing the non-dimensional groups derived for the two-dimensional model with the ones derived
for the one-dimensional model, it can be seen that there are two more groups for the two-dimensional
model: IT,s and IT, 5. The first group expresses the aspect-ratio of the evaporator. Obviously, this group
is not necessary for a one-dimensional model. The second group expresses the pseudo-convection in the
core. For geometric scaling, this group has the same behavior as IT,,.

Therefore, there are two more non-dimensional groups that must be the same for model and
prototype to achieve similitude in the temperature distributions using the two-dimensional model.
However, as previously derived, I1,, - also appears as a non-dimensional group for the pressure drop in
the wick. Hence, geometric scaling based on the one-dimensional model and geometric scaling based on
the two-dimensional model lead to (practically) the same results.

In addition, a scaling using a more detailed two-dimensional model was made. The model was based
on constitutive laws for mass (continuity equation), momentum (Navier-Stokes equation for z- and r-

directions) and energy. The scaling equations derived from this model are basically the same as the

equations derived from the one-dimensional model.
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‘Evaporator Model Assumptions:

Appendix 1. Formulation of one-dimensional heat conduction equation for evaporator

General form of local instantaneous internal energy equation is:

T i T T
%(pu) =-Vpuv— Vg - pVgy — th: Vv

1. Steady-state regime —> -% =0;

L
Incompressible fluid — p = const and from local instantanecus mass balance equation Vgy =0;

[

1
3. Viscous dissipation is negligible R Vv =0;

1 u
= pvgVu+Vegy =0;
4, Purely radial flow (one-dimensional model) in cylindrical coordinates:
. v . auéar T 15 )
v=|0 u= g’ = ror rq,
0 0
du
= 0
dr r dr( )
5. , =const;
6. Fourier fluid — g, = —kd—T—;
dr
ar 1d ar
cV,————Irhi—1=0
= Po T T T dr( dr)
But:
pv, = nk = 1 Q" 1 27["[_,‘, - A

2nr,, 2ar,, hy+c,(T,-T. ) 2nrl,, hy+¢,(T,-T.) rlhg+c, (T, —Tu)]
7. A =const

Then, the final equation is:

dzT

(1 - w)'—'~ =0
where the pseudo-convection coefficient is given by:

qQV qOV rO

By = x[h@+c(T T [cp“L(T )}
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LHP DIMENSIONLESS CRITERIA
Dimensionless analysis is very important for practical applications in engineering because of its
ability to reduce the complexity of physical problems to a simple ocular form. This approach is very

appealing because it allows engineers and scientists to understand more deeply the physical point of

__investigated phenomena and to obtain first results.and estimations. quickly, prior to quantitative modeling. .

Dimensionless numbers and criteria occupy a very honored place in heat- and mass- transfer theory and
particularly in the theory behind heat pipes. Dimensionless analysis allows for the estimation of heat pipe
mass and geometrical and operational characteristics, for the selection of primary heat and mass transfer
processes in specific heat pipes, and for the discovery of the temperature and heat load functional
diapasons for the heat pipe.

The specially designed evaporator and separated liquid and vapor lines are distinguishing features of
the Loop Heat Pipes (LHP) as a unique class of heat transfer devices. Dimensionless analysis is extremely
necessary for the LHP because of the complicated phenomena that take place there, including: (1) counter
heat- and fluid- flows in the capillary wick of the evaporator, (2) liquid and vapor filtration through
microporous structures, (3) intensive phase change processes inside the wick, in vapor collecting channels
of the evaporator, and in the condenser, (4) heat transfer by convection, conduction, and radiation, (5)
evaporation from the inverted meniscus, (6) the moving, non-equilibrium vapor-liquid interface, (7) the
strong influence of gravitational, inertial, viscous, and capillary forces. The correlations of geometrical,
structural, and physicochemical properties of the LHP evaporator elements (primary and secondary wicks,
compensation chamber, vapor collecting grooves), the condenser, liquid/vapor lines, and the working
fluid play key roles for LHP reliable start-up and successful operation in the required range of
temperatures, heat loads, and ambient conditions.

According to the theory of dimensional analysis, the following are ways to identify dimensionless
groups that are important for a given physical process or phenomenon. First, a formal and well-known
method involves the appearance of the dimensionless groups after the non-dimensionalizing of
conservation equations. The formalism of this approach is its major disadvantage. Researchers often have
difficulties with the physical interpretation of some dimensionless groups when using this method. In
addition, results depend strongly on the initial set of parameters chosen as basic for the non-
dimensionalizing operation. The use of the Buckingham n-Theorem is the second, informal technique.
This method is powerful (and very elegant) but requires detailed knowledge of the investigated subject
and physical insight [5]. The first and most responsible step of the method involves choosing important
physical parameters (see Table 1.). One problem with the technique is that the choices made in order to
derive dimensionless groups are not unique. It takes either intuition or trial and error to find parameters

that have physical meaning. That the application of the Buckingham n-Theorem and the non-
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dimensionalizing of conservation equations for LHP distorts scaling when only elements of the heat pipe
(not the entire LHP) are involved was demonstrated in the previous chapter.

In the present section, the semi-empirical approach was used for the determination of critical
dimensionless groups for the LHP evaporator. The essence of the approach is the analysis of heat and

___mnass transfer processes in the evaporator and the selection of the most significant criteria from known

dimensionless groups (thermal-fluid sciences), heat transfer rate limits (heat pipe theory), and
experimental ratios that are unique for given classes of heat pipes. This approach is rather informal and
itself includes the Buckingham n-Theorem method in its general case as a powerful tool for the selection
of important similarity numbers derived from the same starting point.

Table 3 - Dimensionless criteria for loop heat pipes (LHPs)

Name Description Function
Functional
Fluid Ratio between Vapor-Liquid Figures of [Fm,], Choice of working fluid,
selection Merit for two working fluids: [_;:,',,';]_ estimation of maximum
i heat flux

Goncharov- This criterion comes from the specific conditions of the | Condition of LHP design.
Kolesnikov amount of working fluid [6]. This relation is between the | Criteria of LHP start-up
(Go) LHP evaporator and compensation chamber volume and the and operation

remaining LHP volume (i.e., volumes of LHP elements: -
wick, grooves, condenser, vapor and liquid
lines):T4, (v +V, +V,) - AV, + AV, [ Ve

Phenomenal
Bond (Bo) Quantitatively compares the relative effects (p, - P.) gd? Determination of
of gravity and surface tension forces: T & | gavitational effects on
LHP operation
Reynolds Ratio of characteristic times of momentum pvd Determination of flow
(Re) diffusion and advection (Convection= T regimes in the LHP
advection + diffusion): elements
Kossovich Gives the dependence between the quantities h,m Estimation of heat leak
(Ko) of heat expended in evaporating the liquid T effect across LHP wick
and in heating the wet body [7]: foak
Peclet (Pe) Represents the relative magpitude of vpC, Determination of primary
convective to conductive heat transfer: X/_S_ heat transfer rate in the
v evaporator wick
Knudsen (Kn) | Ratio of mean free path to the characteristic y W, Classification for fluids
length of the passage: d deviating from continuum
behavior
Limiting
Capillary For LHP evaporator application, Ca is the ratio 4 Dimensionless
(Ca) between the liquid velocity associated with the Ve presentation of the LHP
heat transport rate (evaporation) and the speed of evaporator capillary limit

the capillary rise:
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Boiling (Bf) For LHP case, the ratio between the liquid T v core Restriction of LHP
temperature in the evaporator core and the o operation due to boiling
superheat temperature corresponding to boiling (evaporator)
Viscous (Vi) | Dimensionless viscous limit is proportional to AP, Limit of LHP operation
the vapor pressure drop in the wick divided by P, due to vapor viscous
saturation pressure of vapor at the operational losses in the wick
{ = - p————————femperatre—— —— — e
Mach (Ma) |Ratio between vapor velocity for chosen heat V LHP sonic limitation
load and velocity of sound Vsound

Thus, LHP criteria can be formally divided into three groups (according to criteria sources: heat and
mass transfer theory, heat pipe theory, and experiment): phenomenal, limiting, and functional. The criteria
from the functional group are used at the stage of choosing a working fluid, determining the amount of
required fluid charge, mass-size-geometric restrictions, etc. Distinctive features of this group are based
mostly on experimental characteristics and their relation to a particular class of heat pipes. Phenomenal
criteria reflect the physical phenomena in heat pipes and allow for conclusions to be drawn about
characteristic heat and mass transfer processes and the influences and magnitude of different forces. In
accordance with common practice in heat pipes, several operating limits must be examined, including the
Capillary, Viscous, Sonic, Entrainment, and Boiling limits [4]. Using these limitations as a foundation, it is
possible to determine corresponding dimensionless criteria. This division is relative, however, and some
numbers can belong to two groups (Fig. 5). Where the Mach (sonic limit), Weber (entrainment limit), and

Capillary (capillary limit) are good examples. Furthermore, the separation of the vapor and liquid lines
easily leads to the

PHENOMENAL

Pe; Kn; etc.

Fig. 5 Three groups of LHP operational criteria.

elimination of the entrainment limitation. In addition, some criteria such as the viscous and boiling
limitations carry different meanings in the LHP case.

In Table 3, several dimensionless criteria were noted for detailed consideration. This list is, of
course, incomplete. Many different dimensionless parameters, such as the set of 18 numbers introducted

and investigated by Delil [1], can also be introduced for heat pipe analysis. The distinguishing feature of
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our set, however, is the strong physical basis and practical significance of each criterion. In the following
paragraphs, discussion focuses on selected criteria in detail.

Functional LHP Criteria

Fluid Selection Criterion

One of the first steps in heat pipe design is the selection of the working fluid. After the selection of
fluids under the desired operational temperature ranges (at this stage, the lowest non-operational
temperature conditions of the heat pipe [cold case] should also be taken into account because of the
complex and sometimes unpredictable character of loop heat pipe start-up from the frozen state) the
assorted group of fluids should be tested using several different criteria, including: wick and heat pipe
body méterial compatibility, safety (toxicity, fire and explosive risk), chemical stability, reasonable
saturated vapor pressure values in the operational temperature range, and resistance to ionizing radiation
(especially ‘for space applications). The most important criterion, however, is the combination of the
physical properties of the fluid, e.g., latent heat of vaporization, surface tension, vapor and liquid
densities, vapor and liquid viscosities, and contact angle on the wick material. For “classical” heat pipes,
the greatest pressure loss generally occurs in the wick (liquid laminar flow). The figure of merit
suggested by Chi [8] is a liquid based criteria where: "

h
Fm, =P fn% (39)

The figure of merit for popular heat pipe working fluids as a function of temperature is presented in Fig. 6.

In many cases, the pressure drop in the LHP vapor line may be considerably higher than the wick
pressure drop. Dunbar and Cadell [9] proposed using another criterion in LHP based on the suggestion
that liquid pressure drops could be neglected when compared with vapor pressure drops, assuming

turbulent flow in the vapor line:
h 1.750
Fm, = vl Ko.zs (40)

However, the dominant character of vapor pressure losses in the total LHP pressure balance is
debatable. In many practical applications, the pressure drop across the evaporator wick is larger or has the
same order of magnitude as that in the vapor line. If the distance between the heat sink and heat source is
reduced and/or the wick thickness is increased and/or the effective pore diameter is reduced, then the

wick pressure losses will increase. Thus, it is difficult to make a correct selection of the working fluid
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using either of the two figures of merit if the geometrical characteristics of the LHP are not taken into
account. The governing pressure balance for an LHP, assuming turbulent flow in vapor line and laminar

flow in the wick and liquid line, can be written in the form [10]:

40 cos(0) o v, 2 16V, 1 32v,u
- —— == fun =, 4 (dy ~d 1”) + s [ (A1)
d, 2d, "° d, d, P
The velocities of the working fluid in the wick V4, Vapor V,, and liquid V; lines can be determined by:
dy/2 dy/2
v, = | v, (r)rdr rdr = 42)
Jz (r) d}; Knh,gp,st (d, +d,)]
v, = 4q/ "‘P/hfgdl2 v, = 4‘7/ npvhfgdvz 43)

Pressure losses in the evaporator vapor grooves, compensation chamber, and condenser that result
from the relatively small length of each are neglected. Because the friction factor in the area of fully
developed turbulent flow is practically constant, a second order equation is obtained for the maximum

heat flux g. The idea of applying this type of quadratic equation for “classical” heat pipes having wicks of

uniform pore size can also be found in reference [11].
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Fig. 6 Figure of merit (liquid-based) for different  Fig. 7 Comparison of Fm, and Fm, figures of

fluids merit for different working fluids

As taken from the general Moody diagram found in almost every fluid mechanics text, the

dimensionless friction factor is constant and relative roughness lies in the range of 0.07 - 0.007 for the
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practical area of LHP design. The Colebroock equation for the friction factor in the fully turbulent region
(Re—x) reduces to:

furs = 0.25l0g (&,/3.7d,) (44)

merit for the working fluid selection (and, simultaneously, a criterion for the estimation of the maximum
heat flux) in loop heat pipes:

(255K + 026v) ™ - 255K

= 45
Fm,, X (4s)
K = Geo. Kv = Geo: (45a)
Fm, Fm,
d,-d,) 4d,, d
Geo, = (¢:-, L Geo, = L
(- d)eld, " d " log(s,/3.70,) (45b)
Fm, = Fm, cos(6) Fm, =p,h, ccos(8)

This criterion depends on the geometry of the design problem (/in, can be considered as the distance
between heat source and sink), the geometry and physical characteristics of the wick, the latent heat of
vaporization, surface tension, vapor and liquid densities, liquid viscosity, and the contact angle with the
wick material. Because the contact angle (for an LHP, it is the apparent contact angle of an inverted,
evaporating meniscus) is not a tabulated parameter and because it is difficult to find the values for
different combinations of wick material and working fluid in the literature, the contact angle is assumed
equal to zero (which is the usual but not obvious selection with heat pipe researchers and engineers). As a
result, Fm, = Fm; and Fm,’ =p, 0. The modified Fm,” number does not depend on vapor viscosity as
in the original criterion suggested by Dunbar and Cadell, as the dependence on vapor viscosity is very
weak and can be ignored. It is clear from Fig. 7 that the fluid-properties groups Fm,” and Fm, have the
same characteristic dependence on temperature for all fluids. Moreover, Fm,=0.75 Fm,’ for all fluids
except ammonia and water. In a general case, if a designer is sure that the vapor line pressure losses are
dominant, it is preferable to use the Fm,” figure of merit for fluid selection.

If the wick permeability, K , is known, the pressure drop in the wick can be determined from the
Darcy filtration law, causing the geometrical parameter of the liquid flow to be:
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_dyIn(dy/d)) 4d,l, |

Geo, = np (46)
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Fig. 8 Figure of merit Fm, for different LHP Fig. 9 Figure of merit Fm,for different wick

lengths (/i =0.5, 5 m, dp=1 pm, 6,=4 mm) dimensions (Inp =2 m, d;=0.5, 1 pm,
versus operational temperature. dw=4, 8 mm) versus operational
temperature.

The importance of the geometrical characteristics of an LHP and the wick regarding the fluid selection
process can be demonstrated by the following example. According to Dunbar and Cadell, the best liquid in
the range —60 to 60 °C is propylene (after ammonia, of course), but, according to the Chi criterion, butane is
the better liquid. As can be seen from Figs. 8 and 9, the butane advantage over propylene increases with the
LHP length increasing, the wick effective diameter decreasing, and the wick thickness increasing. Also, the
two graphs above reflect the general tendency of the maximum heat flux to increase with the reduction of
the liquid and vapor lines lengths, the lessening of wick thickness, and the increase in the effective pore
diameter of the wick. The following geometric parameters of the evaporator were chosen for the
calculations: dy=8, 16 mm, d;=24 mm, /,=100 mm (length of evaporator active zone), d,=6 mm, ;=4 mm
d,=0.5, 1 pm, £=0.7, & =0.002 mm (stainless steel) fjn, =0.5, 2, 5 m. The obtained range of maximum heat
loads (0.5 — 2.5 kW) for assorted liquids and for an LHP with the given geometry is close to experimental
levels and supports the presented approach and criteria for fluid selection.

Thus, existing relations between surface tension, latent heat, viscosity, and density of working fluids

cannot be used in the general case of LHP design. The specific LHP geometry, however, is presented in
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the new Fm,, figure of merit. This figure of merit allows for the drawing of more accurate conclusions
about the suitability of working fluids for given LHP operational conditions.

Goncharov-Kolesnikov Criterion

-~ A-very important characteristic of every-heat-pipe or thermosyphon is-the charging amount of working

fluid. The amount of fluid for “classical” heat pipes is usually calculated using the relation:
M=F,(V,p,+V,p,) ; : “47

The term F, is an optimization factor that is determined experimentally and usually varies in the range from
0.9 to 1.5. In the case of an LHP, however, this relation is not valid.

The second functional criterion comes from two specific conditions in the charge amount of working
fluid in an LHP. First, liquid should be left in the compensation chamber (CC) when the rest of loop is
completely flooded under cold cases (condition of the LHP before start-up). Second, an amount of vapor space
should be available in the compensation chamber when the condenser is fully utilized under a hot case [12]:

M=p, (Vi +BVic)+p,, (1-B)Ve

(48)
M=p, (V+V,+(1-a)V.)+p, (Vi +V, +V, +aV,)

If the relation between the volume of liquid line and volumes of the condenser and vapor lines is
introduced: k=Vjig/Veon+Viap), then the functional criteria between the compensation chamber volume

and the volumes of other LHP components can be derived as follows:

Go=(A[V, +V, +V]-AV, + AV, ) V. <1
A‘ = A(p/w _(kp’m Py )/(1+ k)) A2 = A(p’m —plu-e) (49)

A=Alp -p..) A=[p. P -Ben —0u)- (e 0 )]

This relation is an expanded form of the LHP design criterion presented by Goncharov and Kolesnikov
[6]. It should be mentioned, though, that Gerasimov et al.{13] first described this LHP charging condition
in a qualitative form in 1976. In many cases of LHP design, the length of the liquid line is equal to that of
the vapor line. Neglecting the volume of the condenser (V/=kV,), the coefficient k is equal (d,/d\)>.

The dependence of the compensation chamber volume on operational temperature for different LHP
lengths and the fractions of the compensation chamber occupied by liquid at the minimum temperature
and void fraction are shown in Fig. 10. Calculations are made for ammonia as the working fluid, and the

temperature of the cold case was —70 °C. The geometric parameters were dg=1 mm, =20, d;=10 mm,
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Imp =0.5, 5 m. All other data are the same as indicated for the Fm,, comparison. It is obvious that the
volume of the compensation chamber increases with an increasing LHP length, increasing operational
temperature, and increasing coefficients a and B. The influence of 8 on compensation chamber volume is

stronger than the influence of «. As a rule, this coefficient is varied in the range from 0.05 - 0.4, but o and

’[3’Sh’c‘nild”bé*a’s’sﬁﬁ’z’ill"a’s‘“pb"s’sibl"e’ in order to minimize the LHP total mass: ~ =~ ==
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Fig. 10 Compensation chamber volume for Fig. 11 Compensation chamber volume for
different LHP (ammonia) lengths. different working fluids.
From the results of the calculated compensation chambers volumes for different working fluids (Fig. 11),
it is possible to draw the conclusion that, if the LHP is designed for propylene, this LHP can be recharged by
ammonia, R134a, or propane and will be able to start-up and operate. On the other hand, the butane LHP

requires a larger compensation chamber volume in comparison with the ammonia LHP (1.5 —2.5 times).

Phenomenal LHP Criteria

An enormous number of dimensionless groups can be found in heat and mass transfer literature.
Based on the main physical phenomena that are presented in the LHP of Fig. 12, some of the more

valuable and interesting numbers were selected and are discussed in this section of the report.

Bond Number

The behavior of the liquid/vapor boundary surface meniscus in the LHP evaporator microporous
capillary structure has a critical significance for the start-up and operation of LHP devices. The nature of

evaporated, “inverted,” menisci behavior in the LHP evaporator is very complex. According to the
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modern conception of heat transfer for liquid/vapor phase change surface during evaporation [14], the

meniscus can be divided into the following sections:

1. Adsorbed film. Monolayer to 0.05x10” mm; Evaporation is absent (liquid is overheated). Disjoining
pressure is dominant [15];

same order as capillary pressure;

3. Bulk meniscus, region I up to 1 - 10 mm; Heat transfer by thermal conduction. Heat transfer
coefficient drops up to minimum value [16}; '

4. Bulk meniscus, region II; Heat transfer by natural convection-buoyancy. Heat transfer rises up to
constant value.

Marangoni surface convection and meniscus oscillation (at film thicknesses less than 1 mm) as a
result of interaction among thermocapillarity, evaporation, and the liquid inertia feeding the meniscus are
additional effects that can influence meniscus behavior during phase change heat transfer. The pulsation
of the contact line amplifies with increasing heat flux. As can be seen, characteristic scales determine the
significance and magnitude of different effects and forces.

Under terrestrial conditions, the gravitational force field has a strong influence on LHP working
parameters. The magnifitude of this influence relative to surface tension forces, which create a pressure
difference across the two-phase boundary, can be estimated with the help of the Bond number.

This number allows for the drawing of a conclusion that takes gravity into account in LHP modeling.
Also, the characteristic size gy of the wick pores, vapor collecting grooves, and the LHP vapor/liquid
lines effective diameters can be investigated. A Bo of unity indicates that the capillary and gravitational
effects are of the same order of magnitude. The name of the characteristic size corresponding to Bo=1 is
Bond length. The decrease of Bo indicates that the surface forces become dominant. Microgravity usually
is defined as Bo < 107, In the region 70”° <Bo < 10°, both gravity and surface tension effects should be

taken into account. It is possible to introduce the parameter of Microgravity Bond length for the condition
Bo < 10°.

e = 015, >
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Phenomena in LHP
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Fig. 12. Phenomena in the LHP and dimensionless groups.

In Table 2, Bond lengths and Microgravity Bond lengths for popular LHP working fluids for
temperatures from cryogenics to ambient are presented. As a rule, the dm;,, lies in the dimension diapason
10+100 pm. This diapason is very common for the effective pore diameters of LHP evaporator wicks.
Consequently, the value of B0 is an extremely important characteristic for LHP design and modeling. Put
simply, if the wick effective pore diameter is less then 10 pm, the condition of microgravity realized in the
LHP wick and gravity forces do not need to be taken into account. The dependences of the Bond number on
the operational temperature for ammonia, propane, butane, propylene, and R134A are shown in Fig. 13

(d =1 pm). Bo is increasing for all fluids as the temperature increases.

Reynolds Number

As a parameter that takes into account the fluid density, viscosity, and velocity, as well as the
dimensions of the channel for heat and mass transfer theory and devices, the Reynolds number is
extraordinarily significant. Though Reynolds presented this number 120 years ago [17], it is unimaginable

to perform any flow analysis and calculations without referring to this number.

34

| ~One & TwoPhase—{ = ~— ==~




Table 4 - Bond lengths and Microgravity Bond lengths for popular LHP working fluids and for different

operational temperatures.
Working Flmd Bond length, mm
(Microgravity Bond length, um)
-160°C —60°C 40°C

Ammonia - 2.40 (75.9) 1.75 (35.3)
Argon 0.78 24.7) -
Butane - 1.89 (59.8) 1.43 (45.2)
Ethane - 1.53 (48.4) -
Ethanol - - 1.67 (52.8)
Heptane - - 1.69 (53.4)
Methane 1.81 (57.2) - -
Methanol - - 1.66 (52.5)
Nitrogen 0.62 (19.6) - -
Oxygen 092 (21.9) - -
Propane - 1.75 (55.3) 1.08 (34.2)
Propylene - 1.74 (55.0) 1.05 (33.2)
R134a - 1.20 (38.0) 0.75 (23.7)
Water - - 2.69 (85.1)

Bo

3.E-06

d=1 uym

Temperature, K

Fig. 13 Bond number vs operational temperature for different fluids
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An estimate of the liquid velocity from the applied heat rate to the evaporator (while neglecting heat
leak into the LHP evaporator core) can be found by:

_ O =Q. 51
v e @=L, 6D

The LHP evaporator model is presented in Fig. 2 (the compensation chamber is not shown). The
capillary wick is modeled as a bundle of cylindrical parallel capillaries of fixed diameter that is equal to
the effective pore diameter of the wick dp.

As a rule, the liquid or vapor flow regimes in the evaporator capillary wick are very far from
turbulent (Re << 2300). For channels only several or tens of microns across, the diminutive conduits lead

to very small Reynolds numbers (less than unity) even for vapor media and very high heat loads.

Peclet and Kossovich Numbers

The modeling of the loop heat pipe (LHP) evaporator is commonly simplified by neglecting the
effects of convective heat transfer in the evaporator wick when compared to conductive heat transfer
[18,19,20]. Investigators typically use Fourier's Law with the effective thermal conductivity of the wick
as a basic parameter for describing heat transfer phenomenon in the evaporator and for determining the
amount of heat leak from the high-pressure side of the wick to the low-pressure side.

The basis for the assumption of neglecting the convective effects is not obvious, however, as the
wick represents a convective-diffusion problem and not, systematically, a diffusion (conduction) problem.
Because it represents the relative magnitude of convective to conductive heat transfer with moving
liquids, the Peclet number becomes an interesting parameter to use in estimating the convective part of
the entire heat transfer across the wick.

Typically, the overall heat leak across the wick is not more then several percent of the overall heat
input for a traditional LHP with middle to high heat inputs. The dimensionless Kossovich number [7] gives
the dependence between the quantities of heat expended in evaporating liquid and in heating the wet body.
In the heat pipe case, this number gives the dependence between the heat flux coming out of the wick in
vapor form and the heat flux coming into the evaporator core from heat conduction, convection, and
radiation. By neglecting the convection and radiation terms (for comparative purposes), and by defining the

inner heat rate (leak) as conductive only:

Ay AT

= 52
qleak In ( dz / d1) ( )

36




The evaporating rate can then be defined as the difference between the total heat load and the amount
of conductive heat coming into the wick. The Kossovich number is consequently given as:
Ko = Jev ~ Qiesrc (53)

Qroak
As noted, this calculation does not take into account the fluid motion mside the wxck. If Pe > 0 Ol

the real Ko number will be greater (and the real heat leak in the evaporator core will be less). Practlcally,
Ko for an LHP evaporator can also be interpreted as a Kirpichev or Jacobs number by physical meaning.
From analysxs of the Kossovich mmmber, it is possible to draw conclusions about the validity of Eq (51)
for Peclet number calculation.

With growth of the wick-skeleton thermal conductance, the influence of liquid thermal conductivity
on the Peclet number decreases. The role of convection, however, increases with increases in operational
temperature and heat mput.

From the Peclet number, the necessity of including convective effects can be determined. In cases
where the problem is a convective-diffusive system, the governing equation for the temperature field can be
estimated from the solution to the general energy equation. Solutions using a pseudo-convective coefficient
in order to reduce the energy equation and thereby allow for easier analytical solutions have been presented
in [2].

Using basic, non-dimensional Kossovich and Peclet numbers, the modeling of the LHP evaporator
based on the assumption that the process of heat transfer into the wick core (heat leak) requires the
conduction approach can be shown to be incorrect in the majority of practical cases. In the continuous
desire to reduce the effective thermal conductivity of the wick, a limit exists where the thermal conductivity no
longer is the dominant factor. For example, in Teflon wicks, the convective effects are more important than the
conductive effects because of the small wick-skeleton thermal conductivity as compared with metallic wicks.

Capillary Number

Capillary action in the wick is the main distinguishing feature of heat pipes as heat transfer devices.
Consequently, the phenomenon of capillarity is a key characteristic for the LHP, and all dimensionless
complexes inclusive of surface tension and contact angle (two main characteristics of capillanty
phenomenon) are very important. By definition, the Capillary number is the ratio between viscous stresses
and interfacial tension. In the case of LHP, we can give a “special edition” of the Capillary number as an
evaporator capillary limitation for heat pipe operation. The LHP can operate until the velocity of capillary
rise is equal to or more than the velocity of the evaporation from the phase boundary surface (heat rate-

based mass flow). Due to the laminar regime of the liquid flow (Poiseulle approach) in the wick (see
above Reynolds number):
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Vi 4(d2 -~ d,)

Ca=
a ocos(6) d,

(54)

This dimensionless parameter can also help to estimate the significance of the contact angle value.
As mentioned above (Bond number), in the general case, the contact angle is not a constant but is an
apparent contact angle and is a function of the heat rate.

The operation of an ammonia LHP does not depend strongly on the contact angle at relatively small
heat rates. With rise of heat load, however, this dependence can be critical and can lead to failure of LHP
operation. This critical dependence is clear from an analysis of the curves derived from plotting Capillary
numbers as a function of operational temperature for different heat rates and contact angle values (Fig.
14). The following geometric parameters of the evaporator were chosen: d, =24 mm, dg=2 mm, lgy =100

mm, dy=1 pm, £=0.7.
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Fig. 14 Ammonia Capillary Number for different Fig. 15 Capillary Numbers of several heat pipe
heat rates and contact angle values as a working fluids for different heat rates as
function of operational temperature a function of operational temperature

It is impossible not to admit that an “understanding of the heat transfer characteristics of an
evaporating extended meniscus is of central importance to the design” of the LHP [21]. Currently, though,
it seems “there are not any theoretical and experimental bases to estimate contact angle values” [22]. In
actuality, however, the last assertion is not quite true. Many researchers have tried to predict and measure
contact angles. But we are still at the beginning of the process. The theory of apparent contact angle for

non-polar liquids is well developed by P.C.Wayner Jr. with co-workers. The augmented Young-Laplace
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model of an evaporating meniscus for capillary pressure drop determination is the starting point for
present theoretical conceptions [21]:

e:-zr—"-m(a) (55)

" where I1(8) is the disjoining pressure as a function of the thickness of the liquid film & .

If the liquid film dependence on coordinate y along the capillary channel is known, the apparent
contact angle will be 8,=arctan(dd/dy). For non-polar liquids, the disjoining pressure can be easily

determined [23]

N=-= (56)

where A is the Hamaker constant.

Unfortunately, many LHP working agents are polar liquids with a high dipole momentum: water (1.9
D), ammonia (1.5 D), propylene (0.4 D), R134a (2.1 D), ethanol (1.9 D), methanol (1.9 D). Even using
this relation for ammonia [24] (the equity of this approach is very debatable) gives the strong dependence
of the apparent contact angle on superheat drop between temperatures ofthewaﬂandofﬂ:cmterface The
highest superheat values occur at the highest contact angle values (up to 30°) and thereby lessen the heat
rate limit according to Ca number limitation. In reference [25], the authors used Eq. (56) for describing
water meniscus evaporaﬁon. Water, however, belongs to the polar liquids as well. As a result, not only
should the Van der Waals forces be taken into account, electrostatic forces ’should also be taken into

account. One other approach often encountered in the literature {26, 27] is the calculation of the disjoining
pressure from the empirical equation:

T = p,R.T,| 1.5336(5/3.3)" "% 7
g

This formula, however, came from an experimental relation obtained by Deryagin and Zorin in 1957
[28] for water film on a glass surface for a very narrow temperature range (4-15°C). Traditional heat pipe
wick materials are metals or polymers. Any extension of Eq. (57) to other materials and temperature
diapasons should be thoroughly argued.

The maximum heat rate has a strong dependence on the apparent contact angle. It is therefore very
important to have a good model of vapor/solid/liquid contact region for correct LHP operation

description. The suggestion that 6 = 0° can lead to a serious overestimation of heat pipe working

parameters.
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Ammonia’s unique physical properties allow LHP to be charged with ammonia in order to operate at
much higher heat loads then LHP with any other working agent in the temperature range from —30 to 60
°C (Fig. 15). Almost no fluids other than ammonia can be used (for the given structural and geometrical

parameters of the evaporator wick) for transfer heat rates up to 40 W/em?,

Knudsen Number
The vapor zone can penetrate relatively deeply into the capillary wick before the operation of an
LHP system fails as a result of the viscous limit. It is important to estimate the character of vapor flow in
the wick for correct LHP modeling. The key criterion for this estimation is the Knudsen number, whereas
the characteristic flow dimension for our case is the effective pore diameter d, of the LHP evaporator
wick.
According to definition [29], the Knudsen number, in particular flows, determines the degree of flow

rarefaction and the degree of validity of the continuum approach:

o Euler equation (neglect molecular diffusion) Kn—0 (Re—x)
¢ Navier-Stokes equations with no-slip boundary conditions Kn<10°

e Navier-Stokes equations with slip boundary conditions 10°<Kn<10"

e Transition regime 107 <Kn<10

e Free molecule flow Kn>10

For an ideal gas model (molecules are rigid spheres), the mean free path is related to a temperature and

pressure:

" = 1 _ kT
free «/Evtndw2 «/Ercpdw2

(58)

Molecular, or Van der Waals, diameter is connected with vapor density. Consequently, [30]:

7"frlse = —_M:/i_ (59)
pJ2RT,

It should be mentioned that Eq. (59) is valid only for vapor flow. Unfortunately, at present, despite
the very quickly growing volume of experimental data, there is no special parameter for the characteristic
classification of liquid flows in micro-channels, as there is for gas and for vapor flows. This is because the
concept of a mean free path is not very useful for liquids, and the conditions under which a flow fails to

be a Newton liquid flow are not well defined. Moreover, the experimental data of flow in micro-channels
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are quite contradictory. For flows in micro-channels, the phenomenological approach for analyzing the
data is to define an apparent viscosity g, calculated so that if p, were used in the traditional, no-slip
Nayier—Stokes equations, instead of the liquid viscosity p, the results would be in agreement with
experimental observations. One researcher reports that j, is increasing as the micro-channel diameter
decreases, while another reports that p, dramatically decreases relative to the macro value of viscosity. A
third tells that p;=gy for thin-film flows as long as the film thickness exceeds 10 molecular layers. A very
good overview of the literature written on this question was made by Mohamed Gad-el-Hak [29].
Although the majority of the experimental results testify io validate Navier-Stokes equations with a no-
slip boundary conditions approach (macroscale continuum theory) to liquid microflow modeling up to a
channel diameter of 0.1-1 um, additional experimental and theoretical research efforts are required.

Knudsen Nusmber for Ammonia (d=1 micron) Critical Vapor Zone Depth in the Wick For Different Liquids.

Vapor Critical Dapth, mm

0.0001

5 0 15 20 25 30 35 40 45 50 55 €0 85 YD Y5 80 85 S0 85 100
HlltLauLWIul?

Fig. 16 The dependence of the Knudsen Number for Fig. 17 Critical vapor zone depth in the wick for
ammonia on temperature. different LHP working fluids as a function

of heat load (operational temperature is
20°C, dp=1 mm).
In Fig. 16, the Knudsen number dependence on the working temperature of ammonia LHP for an
effective pore wick diameter of 1 pm is presented. The vapor flow inside the wick should be considered
as a slip flow in almost all the working ranges of ammonia (except for very high and very low

temperatures) for the chosen characteristic flow dimension. In addition, Kn was determined from Eg.

(59) for liquid flow for illustrative purposes.
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Limiting LHP Criteria

Viscous Criterion

In the case of the same specific conditions for ordinary heat pipes and thermosyphons (very low
operational temperature for the given working fluid and/or an extremely long heat pipe and/or start-up
from the frozen state), the vapor pressure drop between evaporator and condenser may be extremely
small. If vapor viscous pressure losses are larger then the pressure gradient caused by the imposed
temperature difference, flow will not be generated, and the vapor may stagnate. This no-flow or extremely
low-flow condition in the vapor portion of heat pipe is referred to as the viscous limitation [4].

For the LHP, this limit has a different, special meaning. During LHP operation, the boundary surface
between vapor and liquid zones is presented inside the capillary wick. This surface is moved deeper into
the wick with the increase of the heat load (see, for example [18]). Based on what has already been
assumed in this report, namely that the LHP evaporator capillary wick model is a series of independent
cylindrical channels with a radius equal to the effective pore radius of the capillary structure, it is possible
to estimate the maximal depth of the vapor-liquid boundary from the adaptation of the classical
dimensionless viscous limit of heat pipe operation ( AP/P, <0.1) to LHPs conditions. APy, then, is the
pressure drop occurring in the vapor phase inside the wick, and P, is the saturated vapor pressure
(corresponding to the LHP operational temperature T,). As a rule, the Reynolds numbers for flows inside
the wick are very small because of the micron sizes of pores and because flows are laminar. Thus, we can

obtain the critical depth of the vapor-liquid boundary /..

L= 0.1d,°F,p,hy ©0)
32p.9.,
The vapor zone critical depth dependence on heat load for different liquids is shown in Fig 17.
The calculation was made for an operational temperature of 20°C and for the above-indicated geometrical
parameters of the LHP evaporator. As can be seen, the critical depth decreases with the increase of the
heat load. The heat load increase, however, forces the liquid to go deep into the wick and increases the
probability of the operation failure of the LHP as a result of the viscous limit. The problem of phase-
change boundary movement in porous structures is very important and requires more extensive

experimental and theoretical investigations.

Boiling Criterion

Numerous books and papers have been dedicated to boiling and evaporation processes in heat pipes,
but this problem is still quite obscure. In the “classical” heat pipe literature (see, for instance, [4, 31]), the

parameter, “nucleation radius of the vapor bubbles, r,,” is introduced for boiling limitation calculations.
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This parameter should be determined from specific and complicated experiments for every capillary
structure, heat pipe enclosure, and working liquid. The authors [4, 8] (with reference to [32]), for
estimation purposes, suggest using the very wide range of boiling limitation values from 1x10° — 1x107
in (2.54x10°-2.54x107 m). In practice, this leads to conclusions that the calculation of the boiling
limitation value according to “classical” models do not have the same physical sense for microporous
capillary wicks when the effective pore size is on the same order as the nucleation site. Also, most
researchers suppose “a priori” that boiling in such heat pipes will never be realized because the wick dry-
out due to the capillary limitation will occur first.

10

Critical Superheat A T,, K
Critical Heat Transfer Q e, W

10° 1x10°
Nucleation site radiusr , m

Fig. 18. Critical heat transfer and superheat temperature drop vs. nucleation site radius for different
wick effective pore radiuses (ammonia LHP with nickel wick).
The following example for an ammonia LHP evaporator (operational temperature T, = 20°C; wick
material — nickel; outer wick diameter Dy =16 mm; inner D;=24 mm; evaporator length L, =100 mm;
porosity € =70 %; effective heat conductivity of the wick A, =7 W/mK) for different effective pore radii

of the wick (r =1 — 50 pm) is used as an illustration of the impossibility of using classical heat pipe
boiling limitation theory in the case of microporous wicks. The classical equations for boiling critical
superheat and for boiling heat transfer limit [8] are:
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AT, = 20T, (l - l) (61)

_ 4mola,,T, (11} -

o hgp, In(D1/D2) I 1o

Results of these calculations are presented in Fig. 18. Even insignificant changes of the effective
radius I, lead to serious changes of the temperature superheat and heat transfer estimations. Moreover,
according to this model, the given ammonia heat pipe is incapable of transferring more than 20 — 25 W
(0.27 - 0.33 W/cm?) because of the boiling limitation. In practice, however, loop heat pipes with similar
parameters can transfer up to several hundred Watts. This model is based on the suggestion that the
nucleation centers are microscopic cavities with entrapped, non-condensed gases that are placed in the
gap between the capillary wick and the heat pipe envelope. The presence of such cavities results in a
boiling phenomenon at very small superheat levels within a few degrees of the working liquid saturation
temperature. If all non-condensable gas was preliminarily removed from the system, the liquid superheat
could reach up to 100 — 200 K before boiling began. This premise was experimentally confirmed by
Harvey and co-workers in the 1940’s [30] when Harvey deactivated surface cavities by subjecting the
tested liquid and surface to high static pressures before the boiling point at atmospheric pressure
measurements. The preliminary pressurized samples boiled at very high temperatures close to the
superheat limit. In the experiments, Harvey et al. therefore dealt with pure liquids and pure surfaces
without dissolved gases in the system. Heat pipe manufacturers always strive to minimize the non-
condensable gas volume inside the heat pipe because heat pipe operation is more reliable and predictable
when the amount of non-condensible gas in the heat pipe is lower. Thus, the better the heat pipe is,
reaching the heat pipe boiling limitation becomes less probable. Another example confirming this
conclusion is the experimental work of Barthelemy [33]. Barthelemy paid special attention to the liquid
degassing (20 minutes boiling of de-mineralized, triply de-ionized triply distilled water just before filling)
and to non-condensible gas evacuation (10 Torr) from the heat pipe enclosure before filling. Bubble
boiling was not observed in heat pipes with good contact of the capillary wick with the pipe wall. If this
contact was poor, however, vapor bubble generation was observed in the regions of poor contact. This
phenomenon can be explained by the presence of micro cavities at the pipe wall that were filled by non-
condensible gas. The gas molecules were inside cavities in the adsorbed state and were trapped in the
cavities by water from the heat pipe volume during the filling process. When contact between the wick

and wall was better, fewer cavities were possible as nucleation centers and the highest superheat levels
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could be achieved. Another possible reason for boiling in heat pipes with gaps between the envelope and
wick is the small amount of nucleation formation time for the gap in comparison to the nucleation

formation time for the wick pores (Vw >>Vor )

[ (J V., ) <t (J Vm) A ()

Additionally, liquid in the gap can be stagnant while the liquid in the evaporator wick pores is always
replaced during heat pipe operation by returning flow from the condenser.

One of Barthelemy’s principle conclusions is that nucleate boiling is not an important mechanism in
a well-fabricated heat pipe. Nucleate boiling is justified for heat pipes that operate in temperature regions
far from the critical temperature of the working liquid (for instance, water heat pipes in the Barthelemy
experiments). As a confirmation of this conclusion, we can also refer to experiments with boiling
nucleation in microscale channels conducted by Peng et al. [34]. The liquid superheat temperature in
these experiments was the same order of magnitude as that for homogeneous nucleation in an
unconstrained liquid. Every pure liquid has a highest attainable temperature for which nucleation will not
occur — also called the superheat limit or the explosion temperature (for given pressure conditions). This
temperature is closely connected with the concept of liquid tensile strength. As a rule, the superheat
temperature for liquid boiling at atmospheric pressure is in the range from 0.8 — 0.95x T, [30, p.91]. In
this case, the formation of vapor bubbles is comnected with the appearance of molecular clusters in liquid.
This process is described by kinetic theory.

Today, there are two main approaches to the theoretical calculation of the liquid superheat limit: the
“classical” [30, p.75-79] and the model developed by Kwak et al. [35, 36]. The difference is in the
conflicting understandings of the surface energy of clusters. In the classical model, the value of liquid
surface tension, an equilibrium property of the macroscopic interface, is used. In the Kwak model, surface
energy for vapor bubble formation is assigned as the energy required to cut across a cluster composed of
activated molecules. Both models can predict the superheat limit with high accuracy. The Kwak model,
however, looks more physically' realistic and, moreover, allows for the prediction of the decompression
level for bubble formation in liquid-gas solutions and of the tensile strength of liquids (which classical
theory fails to do). The Kwak model was therefore chosen for superheat limit calculations. The superheat
temperature is not dependent on any externally introduced parameters, such as the radius of nucleation
site. Instead, the superheat temperature depends only on the physical properties of the liquid and on the
operational temperature of the heat pipe (vapor temperature). The superheat temperature does not depend
on wick properties directly as in Eq. (61) but does depend on them indirectly. One of the unknown

parameters for superheat determination is the nucleation rate Jp.. J,=10° is considered the threshold of
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bubble formation, and J,=10"* nuclei/m’s corresponds to the massive bubble formation according to

‘classical” superheat limit theory. In practice, however, the nucleation rate for vapor explosion can reach

values up to J,=10%® nuclei/m’s [36].

For heat pipes, this threshold nucleation rate can be estimated from the following discourse. If the

applied heat rate g is known, we can estimate the time required for liquid replacement in the evaporator

zone. Because the nuclear formation time is (Jnc“fz (D,-D,)/ 2)-1 (wick is modeled as a series (bundle)

of independent parallel cylindrical channels):

Jnonp = 9 (64)
,,,p,n( (Dy - D)/Z)

After calculation of the superheat limit T, temperature from the Kwak model and Eq. (63), we can
estimate the critical boiling heat transfer:

+ 2nl)g 65
bmax_I(D1/D)(sh ) ‘ ( )

The results of modeling (for applied heat rates of ¢ =1 and 10 W/cm?®) are presented in Tables 5 and
6, where n. is the number of molecules in the critical cluster. If a critical cluster, corresponding to the

given conditions, is formed, its growth to a macroscopic vapor bubble is guaranteed.

Table 5. Ammonia boiling parameters (g =1 W/cm®)

T,,°C | rpmicron Yacp (S n Ta-Tv, °C (Tew/Ter) Qomax , W
(Gomax» W/sz)

20 1 2.78x10" 2789 74.7 (0.91) 283.4 (3.8)
2.5 4.45%10" 2902 74.3 (0.91) 281.9 (3.7)

5 1.11x10" 2990 74.1 (0.91) 281.2 (3.7)

50 1.11x10° 3281 73.3 (0.90) 278.1 (3.7)

40 1 2.78x10" 2991 57.7 (0.92) 215.4 (2.9)
2.5 4.45x10" 3113 57.4 (0.92) 214.3 (2.8)

5 1.11x10" 3206 57.2 (0.92) 213.6 (2.8)

50 1.11x10° 3520 56.4 (0.91) 210.6 (2.8)

60 1 2.78x10" 3345 42.2 (0.93) 155.1 (2.1)
2.5 4.45%10" 3482 41.9 (0.93) 154.0 (2.0)

5 1.11x10" 3587 41.7 (0.93) 153.3 (2.0)

50 1.11x10° 3941 41.1 (0.92) 151.0 (2.0)
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Table 6. Ammonia boiling parameters (g =10 W/cm®)

T.°C | r,micron | Jucrp (M’s)’ ne TerTe, °C (Tan/ Ter) Qormar W
(Qomax [Wicm
20 1 2.78x10" 2648 75.1 (0.91) 285.0 (3.8)
2.5 4.45x10" 2760 74.7 (0.91) 283.4 (3.8)
5 1.11x10" 2846 74.5 (0.91) 282.7 (3.8)

50 1.11x10° 3134 73.7 (0.90) 279.7 (3.7)
40 1 2.78x10"2 2839 58.1(0.92) 216.9 (2.9)
i 2.5 4.45x10" 2960 57.8 (0.92) 215.8 (2.9)
5 1.11x10" 3052 57.5 (0.92) 214.7 (2.9)

50 1.11x10° 3363 56.8 (0.91) 212.1(2.8)
60 1 2.78x10" | 3174 42.5(0.93) 156.2 (2.1)
25 4.45x10" 3310 422 (0.93) 155.1(2.1)
5 1.11x10" 3413 42.0 (0.93) 154.4 (2.1)

50 1.11x10° 3762 41.4 (0.92) 152.2 (2.0)

The dependence of the effective pore radius on the critical boiling heat transfer is weak. When the
operation temperature of the heat pipe is closer to the critical region, however, it is more important to take
the explosive boiling phenomenon into account. In the tables above, it is shown that the heat pipe with an
applied heat load of 10 W/cm’ (Table 6) will not function at the given operational temperatures because it
reaches the boiling limitation. The following estimation methods were used for determining the properties
of ammonia given a temperature dependence [37]: Carruth-Kobayashi for enthalpy of vaporization,
Gunn-Yamada for liquid demsity, and Lee-Kesler for pressure. The Kwak method for superheat
temperature calculation is shown in Appendix 2.

Equation (65) is equitable for ordinary heat pipes when the heat load is applied to the heat pipe
enclosure and transferred through the liquid saturated wick to the liquid/vapor phase boundary by
conduction. The maximum superheated liquid, in this case, is placed in the region next to the heat pipe
enclosure wall. Another situation is realized in LHPs and Capillary Pumped Loops (CPLs). The phase
boundary in this case is placed inside the capillary wick, and the distance between the boundary and
evaporator enclosure wall is filled by saturated and overheated vapor. It should be mentioned that if
LHP/CPL evaporator is designed in such a way that contact between the evaporator wall and the liquid
agent is eliminated during LHP/CPL operation then the presence of gas-filled micro cavities at the
evaporator wall does not have any influence on boiling initiation in the heat pipe. Thus, if the purity of the
working fluid is high, explosive boiling in the evaporator will only start when the superheat limit
conditions for the liquid in the capillary wick are reached. From a thermohydraulic analysis of LHP
operation [38], the maximum superheated liquid is placed straight under the evaporating inverted
meniscus. An analogous thermohydraulic analysis was made by Maidanik et al. [39]. The pressure-
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temperature diagram of LHP operation is presented in Fig. 19. According to this diagram, the operational

condition of an LHP as a capillary pumped device can be presented in the traditional manner:

2 2ccos0
APy rax = —rf‘- > AP, = APyyp % (66)
B P - P . .

where APcap - capillary heéd, AP, - total pressure losses along the circulation loop (including losses in

vapor grooves 1-2 [see Fig 19.], vapor line 2-3, liquid line 5-6, and wick 7-8), and 0 - meniscus apparent

contact angle in the wick. Thus, the explosive boiling condition in an LHP will be:

Tv = Ts.h (PV(TV) - APcap) (67)
and the boiling limit condition will be:
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Fig. 19. The pressure-temperature diagram of LHP operation {13].

It is very difficult to reach this limitation because AP

 ep> 85 @ rule, is an order of magnitude or less

than 1 bar, and (PV( T,)- APCGP) ~ P,(T,) is in the liguid critical region. Consequently, if the LHP/CPL
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is fabricated and filled by a working agent with extreme caution and thoroughness, eliminating the
presence of non-condensible gases (adsorbed, absorbed, and dissolved) in the system, almost no boiling
phenomenon will be realized during LHP operation. It should be mentioned that we are not talking about
LHP start-up conditions or regions outside of the wick structure. These problems must be considered
separately. Preliminary high static pressurization of the heat pipe envelope (for LHPs — the evaporator)
filled by a working liquid can be recommended as one of the stages of the heat pipe manufacturing
process.

Mach Number

E. K Levy first theoretically investigated the sonic limitation as a restriction of heat pipe operation in
1968. Since then, every heat pipe theory book has had a paragraph or chapter dedicated to this problem.
All researchers emphasize that the sonic limitation is usually important at heat pipe start-up and/or at very
low values of the vapor pressure and at high heat loads (high temperature drop between evaporator and
condenser). As more heat is applied to the evaporator, the vapor velocity increases accordingly. If the ‘
vapor flow becomes sonic, the heat transfer rate becomes constant. This rate does not change with further :
heat load increases. Thus, the heat flux that results in choked flow corresponds to the sonic limit of heat
pipe operation.

The key criterion for the determination of vapor flow type (subsonic or supersonic) is the Mach
number. Heat pipes will operate properly if:

Ma=—>-<1 (68) \

The sound limit critical heat flux for three LHP characteristic elements (channel diameters, see
Fig. 2): wick (d ), vapor-collecting grooves (d, ), and vapor line (d,, ) can be calculated by the equations:

2 2
— pvhfyDzavsound . Q _ pvh!gdv nvsound . Q — pvhfndh Vsound (69)

Qpaxs = m’ maxd, = a1 (D,+2d,)’ maxdy 4L(D, +2d,)

where n - number of vapor-collecting grooves and Vsound - velocity of sound distribution over saturated

vapor at LHP operational temperature.
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(operational temperature is 40°C).

For illustrative purposes, the following LHP geometry parameters were chosen: D, =24 mm, Le,
=100 mm, €=70%, n=12, d,=2 mm, d=1 pm. Maximal heat loads, then, for a given configuration and an
operational temperature T, =40°C (ammonia is the working liquid) are: for the wick, 373992 W/cm?, for
the vapor line, 5565 W/cm’, for the vapor collecting grooves, 2670 W/cm®. Thus, the vapor collecting
grooves are the critical factor from the perspective of sonic limitation. It should be mentioned that in real
operation this ammonia LHP could not reach the sonic limit because of other limitations (capillary, for
instance). Mach numbers for different heat loads (5, 40 W/cm®) and working liquids as a function of
operational temperature (range —60 - 40°C) for vapor collecting grooves are presented in Fig. 20. As
expected, Ma grows as temperature decreases. Obviously (Fig. 20, 21), then, the LHP heat transfer
capacity will approach the sonic limit (Ma =1) as the heat load increases.

Finally, we would like to make several remarks about the equation for the calculation of a heat

pipe’s maximum transport rate density (power per unit of surface) derived by E. K. Levy [8]:

_ pvhfg ngTo -~ pvhlgvsound

e = J2(v+1) ~\/2('y+1)

(70)

50




Here, we made the reasonable assumption that the temperature in the end of the evaporator T, for LHP
(vapor line beginning) is equal to the LHP operational temperature. The difference between Eqgs. (69) and

(70), then, is only the presence of a coefficient [2 (v+ 1)]‘}4 in (70). If we take into account that for all
heat pipe working fluids (cryogenic and low temperature) the heat capacity ratio () is varied between 1
and 4 in the practical and interesting areas of temperatures, we can write condition (49) in the more sc\fere
form (the same approach was demonstrated by Peterson [4] for viscous limitation):

Ma=—-<0.1 1)

The heat transfer rates calculated by this formula will always be less than those calculated by Eq.
(70) and include some measure of safety. Moreover, in work [4] the other alternative formula for sonic
limitation is explained and suggested (this formula was derived by Busse in 1973):

Qpex = 0.4740,, (p,P,)" (72)

Because an ideal gas is under discussion we can rewrite Eq. (73) in the following form:

ow=°—'\'/‘§ih,gpn/m,n 73)

or:

_0.474

anax ~ Thiypvvsomd (74)
Y

This case is also covered by Eq. (71). Thus, using criterion Eq. (71) for engineering purposes appears
preferable because of its simplicity and also if the tabulated experimental dependence of the sound speed
on temperature is a known function.
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Appendix 2. Kwak model for Superheat Temperature Calculation.

First, the J,,_,, from eq. (64) is calculated.

Then, initial data for ammonia are introduced:

P, - Pressure of saturated vapor at operational temperature

P.=225 kg/m’; T,=405.35 K ~ammonia critical density and temperature,

d,=2.9x10"" m - Van der Waals diameter of ammonia molecule;

E;=1.6454E-18 J - Ammonia ionization potential

0.=2.6592E-40 J/(V/m)? — ammonia polarizability

T, = 195.42 K- Melting temperature;

AH, =332941.176 ] - Enthalpy of fusion;

m = 17 — molar mass;

Z =12 — coordination number for FCC lattice

8 =1 — accommodation coefficient

_ 3E,a?
16d,°

€ - Lennard-Jones potential parameter;

Ty, =0.75xT, - Initial value of superheat temperature.

From this point, the iteration cycle for T, is started.

The following parameters corresponding to T, are calculated:

h;, - Enthalpy of vaporization; p, - density of liquid; N = N, apr%n

N s V, = 6’" - Average distance between molecules in liquid and effective
4

g - [6 x 0.7405}"3 nd >

molecular volume of liquid;
2 d 6 d 12
g, =4¢g,11- (p—c) [—""—] - (—"L) - The energy required to separate a pair molecules from d
pl dm dm
to mean distance between molecules at critical point;

12 2/3
h
D, =8N (SkTs) exp| ——2— - AH, s 3V - Coefficient;
m RT,, RT, 47
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r —1/2
Z, = ZEm - Zeldovich non-equilibrium factor;
| 187kT, |
e - 372
J
n, = BkT, In| —=Xt® D - Number of molecules in critical cluster;
(7. LNDZ, e |
(zem 173
P = —E—/Vm /n/? + P, - Vapor pressure;
\ )

Now we are determining the temperature T, (which corresponds to obtained F),)
If P'sh., —Tg,‘l >0.05 Then T, =T, +0.005,and the cycle is repeated.

Else: final T, =T, . This is the Superheat limit.
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ANALYSIS OF TWO-PHASE FLOW IN LHP CONDENSER IN
MICROGRAVITY AND EARTH-NORMAL GRAVITY

Two-phase systems for thermal control are currently the most appealing and promising technologies
for space applications. Relatively small, autonomous two-phase heat transfer devices such as Heat Pipes
(including ordinary grooved or wicked heat pipes, Loop Heat Pipes [LHP], and Capillary Pumped Loops
[CPL]) have been successfully adopted for thermal control of different size satellites {40, 41, 42]. In the
immediate future, projects of “global,” mechanically-pumped two-phase thermal control systems for
spacecrafts and segments of the international space station will be realized [43, 44, 45]. Advantages of the
two-phase systems over single-phase systems are very well known: an outstanding reduction in mass,
size, and energy consumption, and better capability for temperature management as a result of the high
isothermal operation of the system. Disadvantages include the complexity of the two-phase systems as
well as a lack of theoretical and experimental knowledge, resulting in reduced reliability. Intense efforts
by research and scientific institutions are now directed to overcome the above-mentioned imperfections
and to develop a new, high-level trustworthy space thermal control scheme.

The condenser is one of the more critical elements of the thermal control two-phase system.
Unfortunately, researchers sometimes concentrate on evaporator behavior and underestimate the role of
the condenser. Specifically, this neglect is most often apparent in relation to compact and relatively
simple two-phase devices, such as the LHP and CPL. The LHP/CPL condenser is usually a part
(continuation) of the vapor line or an array of embedded pipes and consists of aluminum or stainless steel
cylindrical tubes. It is often suggested that heat transfer is limited by ambient conditions (outside heat
transfer coefficient). Pressure drop is also calculated with the help of simplified models of two-phase flow
[46] (for quick analyses, engineers even consider this drop as the pressure difference of vapor flow in a
pipe with the same length as the condenser) without taking into account the complex nature of the
condensation phenomenon and the multipart spectrum of vapor-liquid flow regimes. Moreover, the
condenser is usually placed horizontal during earth tests to eliminate gravitational influence. In this case,
however, the presence of a stratified flow regime in the condenser is still possible [47]. This regime exists
only if gravity force is applied. Thus, we can have gravity-controlled two-phase flow and heat transfer in
the condenser even for a horizontal placement.

The first attempt to compare analytically condensation inside tubes under earth gravity and space
environments was made by Keshock and Sadeghipour in 1981 [48]. The analogous calculation algorithm
is realized in the present work. Keshock and Sadeghipour conducted calculations for refrigerants R12 and

R22. In accordance with the chosen methods, a much longer length of tubing (~3 times) is required for
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complete condensation under zero-gravity conditions. Keshock and Sadeghipour, however, did not take
into account the two-phase flow regime alterations along the condensation length. Only the annular, for
the 0-g case, and the stratified, for 1-g regimes, were considered. The chosen models for the heat transfer
coefficient and pressure drop determination are not optimal. A large sum of theoretical and experimental
information about two-phase flows on earth and (especially) in space conditions has been collected since
1981. This information allows for the modeling of condensation processes with better approaches.
Finally, ammonia is currently the primary working thermal agent for space applications. Propylene,
butane and R134a can be considered as alternative fluids [49]. Subsequently, the computation and
analysis of condensation of the above mentioned liquids for 0- and 1-g conditions hold great practical
interest.

By applying an energy balance on an element of the condenser tube, it is possible to write the
equation for the distance Az where condensation of vapor amount Gy4X takes place:

- "CeaD |, (75)
4h, (T,, - Tw)

Void fraction vaﬁation in the element is neglected. Dﬁing condensation, the vapor quality x (and
void fraction o) varies from 1 to 0. We can divide an unknown condensation length of the pipe by the
element 4z (defined by Eq. [75]) with an equal change of the vapor quality Ax. Temperature difference
between saturated vapor and wall (T,~T,) and total mass flow velocity Gy are given data. To determine
the local heat transfer coefficient h; and the void fraction a, however, information about the two-phase
flow ;egime pattern is required. This information also allows for the calculation of the two-phase flow
pressure drop over Az and the total condensation length. The knowledge of the pressure difference is
rather important for the analytical determination of LHP/CPL heat transfer parameters.

Therefore, to investigate analytically the tubeside condensation for micro- and earth-gravity
conditions, the appropriate methods for:

e Two-phase flow regime

e Two-phase flow pressure drop

e I ocal heat transfer coefficient

determination must be chosen and substantiated.

55




Two-phase flow regime pattern: Earth-Normal gravity case

Detailed two-phase flow regime map analysis related to the condensation phenomenon in horizontal
smooth round tubes was made by Dobson and Chato [50]. In this fundamental research, three maps
(Mandhane et al. [51], Taitel and Dukler [52], and Soliman [53, 54]) were compared with the
experimental results of refrigerants R12, R22, and R134a. All three maps, with certain modifications (for
the Mandhane et al. model), some terminology elaboration (for the Taitel-Dukler model), and correct
definitions of regimes (for the Soliman model) can be used as good flow regime predictors.

The two-phase flow map for horizontal tube condensation includes eight regimes: annular-mist,
annular, wavy-annular, wavy-stratified, smooth-stratified, slug, plug, and bubbly. The overall picture is
very complex, but, fortunately, the applied calculations do not require knowledge of all transition lines
and criteria among different regimes. Groups of regimes can be described by one model both for pressure
drop and for the heat transfer coefficient. Flow character is determined by the relation between gravity
and shear stresses (wall-liquid and/or vapor; vapor-liquid interactions) and by the ratio between liquid and
vapor velocities.

The Taitel-Dukler model is currently the most theoretically justified and is recommended by the Heat
Exchanger Design Handbook [55] as a reliable model for the characterization of adiabatic flow regimes.
The relevance of this model to condensing flow demonstrates very good correspondence to the majority
of experimental data for freons [51, 56]. Unfortunately, no research has been published dedicated to
ammonia tubeside condensation, and only one paper [57] studying adiabatic ammonia two-phase flow
patterns was found in the literature. We will consider four areas on the Taitel-Dukler map where both heat
and hydraulic performance of two-phase condensing flow can be described by a continued function
without jumps: annular (annular-mist and annular regimes), wavy-stratified, smooth-stratified and
intermittent-bubble (slug, plug, bubble). The wavy-annular flow can be both in the wavy-stratified region
at low, overall mass velocities and in the intermittent region at high velocities. Detailed analysis of the
wavy-annular terminology problem can be found in [50].

Chen et al. [57] successfully used the Taitel-Dukler map for the prediction of transitions among
annular, wavy-stratified, and intermittent-bubble areas for adiabatic ammonia two-phase flow. The

suggested, simplified annular/wavy-stratified transition border as a function of the Lockhart-Martinelli

parameter X is used in the presentwork:

. 2.275
“’ (o.7x2 +2X + 0.85)

(76)

56




where the modified Taitel-Dukler criterion fryy [58] depends on the Bond number and the vapor Froude
number, which is related to the superficial vapor velocity:

Fr,

1.305
1+
Bo

Fr, = 77

This criterion is different from the one originally suggested by Taitel and Dukler and takes surface
tension forces into account. Surface tension is very important for flow in small diameter tubes (>3 mm).
The original Taitel-Dukler map is used to predict intermittent to annular transition for small tubes cases
[59]. ’

The border between annular and intermittent-bubbly areas is X=1.25. This is the average value
suggested by Breber et al. [56] with a transitional area limited by the lines X=1 and X=1.5. The regions
of wavy-stratified and smooth-stratified flows are divided by criterion [52]:

20

et (78)
i

Finally, it should be mentioned, although widely found in textbooks, the flow pattern map of Baker

[60] has a historical value as a first map but is a poor predictor for regimes of condensing {61] and
adiabatic [65] two-phase flows.

Ky =FryJRe, >

Two-phase flow regime pattern: Microgravity case

The absence of gravity leads to a simplification of the overall two-phase flow map. Only three main
regimes were observed by researchers: bubble, slug, and annular. More detailed flow classification,
however, can be find in the literature [62]: dispersed bubble, bubble, slug, slug-annular transitional, and
annular. To complete the picture, we can divide annular flow into three regions: smooth-annular, wavy-
annular, and mist. Reinarts et. al. [63] classified smooth- and wavy-annular regimes as “small fube” and
“large tube” flow behavior. Research on condensing flow regimes for water was intensively conducted in
Texas A&M University [64]. In the research, there existed one work on ammonia condensing flow
investigation, which was carried out under the guidance of the European Space Agency [45].
Unfortunately, the description of ammonia condensation flow patterns and condensation length comprised
only one paragraph in the paper, leaving it rather difficult to make any conclusions based on the given
information. Many adiabatic flow experiments have been made in microgravity conditions in the last two
decades. The most popular medium was an air-water mixture [65, 66, 67, 68]. Different additives to water
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were used to vary liquid viscosity and surface tension [69,70]. The experiments with single-component,
adiabatic, two-phase flow in microgravity were conducted for freons R12 [71], R114 [72}, and ammonia
[63]. The ratio of vapor and liquid densities has an influence on the flow behavior, subsequently giving
the data for single components priority meaning for our investigation. As mentioned by Reinarts and
Ungar [73], the experimental database for R12 is the most extensive and gives a substantive definition of
slug to annular transition.

For the purposes of the present work, only two transition criteria are important: slug-annular/smooth-
annular and smooth-annular/wavy-annular. Because a pressure drop in this area can be distinguished
several times, different analytical models are required. Moreover, bubble, slug, and slug-annular regimes
(the last pattern includes in itself a frothy slug-annular regime reported by Zhao and Rezkallah [65])
usually took relatively small parts of the total condensation length and can all be well described by

homogeneous pressure drop models.
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Fig.22 Slug-annular microgravity transition models and R12 databank (ID=10.5 mm)

After the analysis of several microgravity two-phase flow-pattern maps the Weber number based
map of Rezkallah [74] was chosen as the most experimentally justified map. Rezkallah demonstrated,
what practically all knew (before 1996), that air-water mixture flow data have a border between transition
slug-annular and annular regimes at Wey ~20. Gas Weber numbers, however, must be calculated for

actual gas velocity. Superficial velocities of gas (vapor) and liquid are known from experiments as a rule.
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To determine the actual velocities, knowledge of the void fraction value is needed. This is a difficult
problem for both analytical and experimental consideration (see, for instance, [75]). The transition kine
has a positive slope if coordinates of the two-phase flow-pattern map are gas and liquid Weber numbers
based on superficial velocities. Taking into account experimental data from [76], the criterion for slug-
annular and annular regimes change can be written as:

We,, <7.94We, " , (79)

Thus, two empirical constants are presented in the model. Practically, all microgravity two-phase
flow patterns maps available in the literature have only a semi-theoretical character. In microgravity, the
ratios among three forces: inertia, viscosity, and surface tension are important. Three dimensionless
groups can be used for analysis of two-phase flow regimes: Weber, Suratman, and Reynolds [77].
Because every mumber is defined in relation fo the other two, only two numbers are needed for the
modeling of regimes transitions. Rezkallah [74] claims that the relation between inertia and surface
tension holds primary meaning, while Jayawardena et al. [78] used a combination of Re and Su numbers
for the gas and liquid phases and two empirical constants for microgravity map development. The
Jayawardena et al. model is more complex but has no real advantages over the Rezkallah model. Several
slug-anmlar transition models based on force balances were suggested including Bousman void fraction
matching criteria [68] and the Lee model of surface tension/inertia balance [79], which was later
improved by Reinarts [71]. More recently, one more model on the slug to annular transition (based on the
drift-flux relation between superficial velocities and void fractions) was suggested [80]. All models need
the following constants that must be determined from experiments: the vapor-liquid interface friction
factor f; and/or the critical void fraction a., , and/or the distribution coefficient C,, and the dimensionless
factor k. The physical origin of all mentioned models (except perhaps for the Jayawardena et al. model) is
the same. An experiment, therefore, is the only criterion. Experimental data for one component two-phase
flow R12 and different modeling transition lines are shown in Fig. 22. It is clear that the Rezkallah
(corrected) line divides annular and slug-annular areas better then any another transition border. A
common misunderstanding [66, 73] in this case is the use of superficial instead of actual velocities for
Weber number calculation in the Rezkallah model (Rezkallah on Fig. 22). It should be mentioned that
data for R114 also agree well with eq. (79) (Fig. 23).

Two-phase microgravity experiments with ammonia were conducted for the small diameter tube
(3.34 mm) [63]. It was found that O-g and 1-g pressure drops for given conditions do not have any
systematic differences. In addition, the authors reported on the presence of two regimes (“large tube” and
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“small tube™) where pressure drops were well described by smooth-annular and wavy-annular models.
The transition lies somewhere in the area 10<Wegs <100. Unfortunately, there is currently not enough
experimental material to determine this border with a good approach. Based on this experiment and the

Rezkallah We number model, however, we defined the smooth to wavy annular transition criteria as:

We, <16We > (80)

gs —

The borders between different regimes are shown in Fig. 23.
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Fig.23 Rezkallah model and smooth-wavy annular transition lines, ammonia (ID=3.34 mm) and R114
(ID=15.4 mm) data.

Two-phase flow Pressure drop: Earth-Normal gravity case

The two-phase pressure drop depends on the flow regime. The following pressure drop models were

chosen as the most experimentally verified models:
e Annular (all) regimes: Tronievski and Ulbrich [81]
e Wavy-stratified: Taitel and Dukler [82] with ratio f/f,=1 [83].
e Smooth-stratified: Taitel and Dukler [82] with ratio fi/f,=10 [84].
e Slug, plug, and bubbly: Beattie and Whalley [85].
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Short mathematical presentations of all of the above mentioned models can be found in [86]. The
Tronievski and Ulbrich model is a series of exponential and polynomial empirical formulas for different
ranges of the Lockhart-Martinelli parameter but with minimal error {87]. This model has also
demonstrated very good agreement with recent ammonia [57] and R114 [86] ammular flow regime
experimental observations. The Taitel and Dukler model is based on momentum balance-equations for
equilibrium stratified two-phase flow, but the experimental vapor-liquid interfacial friction ratio £/, is
required. Chosen values (1 for smooth stratified and 10 for wavy stratified regime) were based on large
amounts of experimental data. The number of homogeneous models in which two-phase flow was
considered a uniform medium is available in the literature [88]. Most commonly, models have the least
error when the vapor velocity is not significantly different from the liquid velocity. This general rule of
thumb is valid for slug, plug, and bubbly regimes. The most common homogeneous approach is the
McAdams model [55]. The Beattie and Whalley model was selected, however, because of this technique,
which was originally developed as a model for a wide range of flow regimes including intermittent and
transient to annular. Relatively new experimental data for R113 [89]are also evidence of the ability of the
Beattie and Whalley model to adjust well to cases of low mass fluxes and low vapor qualities.

Two-phase flow Pressure drop: Microgravity case
The Method presented by Chen et al. [86] with an empirical equation for interfacial friction ratio [84]:

=1+6.81(1-a)"” (82)

h ]:-0.

was used for wavy-annular flow prediction of the pressure drop. This model correlated well to almost all
known experimental data. For the smooth-annular regime region, the same method was applied, but the
interfacial friction ratio was equal to unity [63]. It should be mentioned that Tronievski and Ulbrich and
Chen et al. methods usually give very close results for two-phase annular patterns (for both Earth-normal
and microgravity cases). These results are logical because the presence of annular flow in Earth
environments means that gravity force is negligible and cannot stratify the flow. Different approaches for
the annular regime are used because the Tronievski and Ulbrich model is originally based on the large,
normal-gravity experimental databank while the Chen et al. model is related to experimental records for
microgravity. According to these data [86], the pressure gradient is higher in microgravity conditions.
This conclusion (and the quality of the experiment setting in [86]) is criticized by Shungar et al. [90].0n

the basis of Earth experiments with water-benzoate annular flow, which (as the authors supposed) are

61



simulating the behavior of R11 in microgravity, Shungar et al. claim that the two-phase pressure drop in a
0-g environment must be 2-3 times less than it is in 1-g conditions. First, from the point of view of the
authors, the claims of Shungar et al. are true if the discussion centers on smooth-annular flow. Ordinarily,
however, the wavy-annular regime is presented in microgravity conditions. The majority of the Chen et
al. experimental points belong to this area (see Fig.23). Second, the average annular flow film thickness is
greater in microgravity conditions (uniform film). Thus, waves can have higher amplitude, and average
interfacial shear stress will be greater. Principally, there are no reasons to doubt the experimental data for
R114 from [86].

As for normal gravity, the homogeneous Beattie and Whalley model for pressure drop prediction was
used in bubble, slug and transitional flow regimes in microgravity. The correctness of such an approach is
confirmed in [91].

All presented above methods for pressure gradient calculation are frictional models which are
equitable for adiabatic flows without mass flow between phases due to condensation. In practice,
condensation leads to a reduction of interfacial shear stress and thus to a reduction in pressure drop. To
take this phenomenon into account, the method of interfacial shear stress correction [92 p.338] based on

the “Reynolds flux” concept [93 p. 164] was realized.

Local Heat Transfer Coefficient: Earth -Normal Gravity Case

It is common practice to divide the phenomenon of condensation inside tubes into two regions:
gravity-controlled and shear-stress-controlied (or annular flow) condensation {50]. For both areas a
number of different correlations for the local heat transfer coefficient is available. Because we could not
find any experimental data for ammonia (a recent fundamental review of available correlations for two-
phase flow heat transfer of ammonia made by Ohadi et al. [94] mentioned only one empirical formula
[95] related to condensation inside finned air-cooled tubes) we must select a model most appropriate for
our case from known generalized correlations obtained from experiments with other fluids. Below, we
consider a series of models for horizontal two-phase condensing annular flow.

One of the older and more widely used models is the correlation based on experiments with R11,

R12, R21,R22,R113, and R114 suggested by Cavillini and Zecchin [96]:
0.8 5, 0.33
Nu, =0.05Re,, " Pr, (83)

where the equivalent Reynolds number Re,, is:
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Re,, = Re, (1, /i )(p:/p,)’" +Re, (84)

Vrable et al. [97] tried to take into account the pressure influence on the heat transfer coefficient and
modified Eq. (83) based on their own R12 experiments:

Nu, =0.015P, ** Re,** Pr,"® (85)

Later, Shah [98], after analysis of a large databank that includes experimental points for refrigerants,
water, methanol, benzene, toluene trichlorethylene, and ethanol, obtained the following correlation:

3.8 X 0.76
08 ~ 04 .
Nu, =0.023Re® Pr’*| 1+ —o| —— (86)
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for ammonia.
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Dobson and Chato [50] recommended a model which depends on the turbulent-turbulent Lockhart-

Martinelli parameter (experiments with refrigerants R12, R22, R-134a, and near-azeotropic blends of
R32/R125):

0.89
it

Nu, = 0.023Re,"* Pr,* (1 + ;ﬁ) 87)

Baéed on experimental results for R22, R134a, and R123, Fujii [99] suggested another Nusselt

number expression:

Nu, =0.0125(Re, \Jo,/p, )°'9 (x/1=x)>>°% preee (88)

Chen et al. [100] developed a model for vertical shear stress controlled flow, which, because of its

generalized character, must be valid for the horizontal annular flow regime:

Nu, =0.018(p,/p, )" (/1) Re?[Re,~Re, | Pr>® (89)

Finally, despite the fact that Shah concluded in his critical review [101] that the model [102] is
clearly unsatisfactory, the Ackers and Rosson model is still recommended by ASHRAE [103, p.4.8] as
the primary model. Originally, the Ackers and Rossin correlation was based on R12, methanol, and
propane data. In the present paper, we used a modified Tandon et al. [104] formula (experiments with
R12 and R22). The difference between the Tandon et al. equation from the Ackers and Rossin equation is
only the difference inconstants, 0.084 instead of 0.1:

. Re,=DC |p (90)
p’l pv

Nu, =0.084 Pr’* Ja*'" Re",**’

The local heat transfer coefficient depends on the latent heat of vaporization (Jacobs number) only in
this model. Taking into account that the latent heat for ammonia is much greater than it is for any freon,

the dependence of the local heat transfer coefficient on the latent heat of vaporization can be important.
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Fig.25 Annular condensing flow heat transfer coefficient vs vapor quality prediction by different
models for R134a.

After a comparison of the different models, the Shah correlation was chosen for ammonia annular
condensation heat transfer prediction as an average model (see Fig.24 and Fig. 25). The result is expected
because eq. (86) is based on the largest experimental databank.

The region of gravity-controlled condensation was divided into two regions corresponding to wavy
flow and smooth two-phase flow regimes. Four models are related to wavy flow correlations: Dobson
[105], Rosson and Meyers [106], Ackers and Rosson [102], and Tandon et al {104]. Actually, all of the
models listed above are recommended for all gravity-controlied condensation regions, but correlations
have the smallest error in the wavy region when liguid and/or vapor flows are turbulent (in the models of
Dobson and Rosson—Meyers, the turbulent-turbulent and the laminar-turbulent Lockhart-Martinelli
parameters were used). Ackers-Rosson and Tandon et al. approaches have a poor physical background
and are based on data from refrigerants R12 and R22. The Rosson-Meyers method has the disadvantage
of being complex and reliant upon empirical (based on a limited amount of data) equations for the
calculation of the fraction of circumference where filmwise condensations prevail. The Dobson model
was grounded on an idea analogous to the idea on which the Rosson-Meyers model was grounded but is

less complex and more experimentally proofed. The Dobson correlation was selected for our

investigation:
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Fig.26 Gravity-controlled condensing flow heat transfer coefficient vs vapor quality prediction by
different models for R134a.

The angle subtended from the top of the tube to the liquid level 6 is calculated from the equation for

the void fraction, which is known from the pressure drop model calculation:

oo 8 _sin(28) (95)
T 2n
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For condensation in conditions with smooth stratified and intermittent flows, a combined correlation
of Chato [107] and Jaster and Kosky [108] was used. Both models are modified Nusselt formulas for
gravity-driven condensation on a vertical plate. The Chato model usually correlates well with

experimental data but does not have a dependence on the void fraction (vapor quality) in its simplified
form:

Nuz = Osss[pl (pl - pv)ghg, (1 + Ja,)D3 -l - . )
A'l’*"l (Tv - Ty)

where hyy"=hg(1+0.68Ja)) is the Rohsenow modified latent heat [50].

The formula suggested by Jaster and Kosky, as a rule, overpredicts the heat transfer coefficient
[101}:

Nu.=0 728a3/4 pl(pl - pv)ghfy'(1+ JaI)D3 (97)
: ‘ 7"[}"'! (Tv _Tw)

Taking into account the fact that the simplified Chato equation was obtained for an average angle of
£=120° and the dependence between the void fraction and this angle (95), we can correct the constant in
Eq. (97) by multiplying it by 0.9. Dependences of the heat transfer coefficients from the above -discussed
models for gravity-controlled condensation on vapor quality are presented in Fig. 26.

Local Heat Transfer Coefficient: Microgravity Case

The Shah correlation for two-phase annular flow heat transfer coefficients was extrapolated to the
microgravity case. From physical consideration, there are no principal differences between annular
approaches for Earth-normal gravity and microgravity cases. Moreover, the validity of the chosen
approach is confirmed by experiments conducted by Kachnik et al. with R12 in microgravity conditions
[64]. In the area of low vapor qualities, the experimental points were well predicted by the Eq. [109]:

08
Nu, =0.023Re® Pr°3 (1 + x&) (98)
Py
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In Fig. 25 (R134a), the Best correlation in the region of low vapor quality practically coincides with

the line calculated by the Shah model. Equation (98), however, is hardly valid for ammonia condensation

(Fig. 24).

The summary of selected methods for two-phase, condensing flow modeling in Earth-normal gravity

and microgravity conditions is presented in Table 7.

Table 7. Selected methods for two-phase flow, condensing flow modeling

- - -Tubeside Condensation’
1-g (horizontal) case Lk 0-g case :
‘Flow Pressure Heat | Heat | = Pressure Flow
‘Regimes Drop i Transfer | Transfer< “Drop | Regimes =
i Tromevski- | Shah [98] Chen etal. [86] | Wavy-
> Ulbrich [81] f/f~f(0) Eq.(82) | Annular i~
E: Wavy- Taitel-Dukler [82] | Dobson Chen etal. [86] Smooth- =
| Stratified /=10 [105] /=1 Annular &
5| Smooth- | Taitel-Dukler [82] | Chato & | gpanjog) =
™| Stratified f/f=1 Jaster- g
R Kosky Beattie-Whalley | Bubble, 5
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Fig.27 Condensate film thickness, void fraction, and vapor quality vs length of condensation for gravity—
controlled, condensing two-phase flow.
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Results and discussion
Applying the techniques selected herein, the following types of result have been calculated:
e Length of tube to achieve complete condensation;
e  Overall pressure drop on length of condensation;
e Film thickness, void fraction, and vapor quality change during condensation.
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Fig.28 Integral and differential pressure drops and local heat transfer coefficient vs length of condensation
for condensing two-phase flow in Earth-normal gravity conditions.

The following parameters were selected as a basis for our investigation: working liquid — ammonia,
vapor temperature — 40°C, wall temperature of the condenser — 10°C, LHP heat load — 2000 W, inner
diameter of the condenser tube — 6 mm. Results of calculations for the Earth-normal gravity case are
shown in Fig. 27 and in Fig. 28. Two flow regimes, annular and wavy-stratified, are realized for the given
conditions (see Fig. 27, Taitel-Dukler map with condensation path). The transition vapor quality value is
about 0.7 (the distance from the condenser iniet is ~120 mm). After this border, instead of the annular
film thickness, the depth of the stratified liquid layer is presented on the graph. The local heat transfer
coefficient and integral and differential pressure gradients along the condenser tube also depend on the
flow regime character (Fig.28). For illustrative purposes, the pressure drop of only vapor flow along the
tube is shown. During the process of condensation, the two-phase pressure drop can be considerably
higher than the “vapor-only” line, but the final overall pressure drop on total condensation length (0.42 m)
is less and is not far from the value of the vapor flow pressure difference. The pressure drops, the heat

transfer coefficient for microgravity conditions along the length of condensation, and the condensation
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path on the Rezkallah map are demonstrated in Fig. 29. Overall condensation length is only about 10%

more than it is for the 1-g case. Pressure drops in 0-g and 1-g conditions are also not much different.

Thus, the behavior of the condenser in space for the selected set of input parameters will be almost the

same as it is in its Earth-horizontal position.

0.35 14000
b —o— Integral Pressure Drop
Annuiar Wavy L -—=— Differential Pressure Drop
03 ﬂ Int. Pressure Drop (vapor only) -~ 12000
s -- o --Local Heat Transfer Coefficient ‘//
s s
1 e
= mﬂmﬂ"/‘ I > L 10000
~
« 01 Swg //
& 0.01 0.1 weh 1 10 P
: 02 B . | 8000 X
g © e rd Ammonia, “c
° "% e,«'/ d=6 T= a -
® ... P =6 mm,T=40°C, 2
2 015 &4l AT=30°C, Q=2 kW so00 ©
14 - - T
a D% pd >
e
L~ &
0.1 © I 4000
* (// o
e °
0.05 / 2000
e
Ny Vi . . N et [
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50

Length of condensation, m

Fig.29 Integral and differential pressure drops and local heat transfer coefficient vs length of condensation

for condensing two-phase flow in microgravity conditions.
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~ Fig.30 Condensation length for different condenser tube diameters and heat loads in microgravity and
Earth-normal gravity conditions.

The considered case, however, is a “unique” sitnation. The condensation length can be less than or
considerably more than it is in space conditions. This effect is illustrated in Fig. 30. For a2 16 mm diameter
pipe, the condensation length in microgravity is 1.7 (8 kW) — 5 (five!) (2 kW) times higher than it is in an
Earth environment. In ammonia pressure drops for micro- and normal gravities, the differences are not so
large, particularly because of the areas of small diameters and/or high heat fluxes (Fig. 31). The variation
between pressure gradients calculated by the adiabatic flow model and by the model that takes into
account the mfluence of mass flow caused by condensation is in the range from 3-20%. The condensation
phenomenon leads to a pressure drop reduction. It is remarkable that acceptable values result, for given
conditions of the rough approach, when the two-phase flow pressure drop in the condenser is replaced by
the vapor flow pressure drop of the same distance. Results are not valid, however, if the working liquid is
not ammonia but is, for instance, propylene (Fig 32). From Fig. 32, it is clear that R134a has the biggest
pressure gradient and that ammonia has the smallest pressure gradient if other conditions are the same.
This relationship is natural in that ammonia has the largest latent heat of evaporation, which leads to a
smaller total mass flux, when compared with propylene and R134a. k
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Fig.31 Overall pressure drops on condensation lengths for different condenser tube diameters and heat
loads in microgravity and Earth-normal gravity conditions.
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CONCLUSIONS

Application of dimensionless analysis techniques in the field of LHP theory and practice allows for
the examination of scaling issues in LHP witha special focus on individual components (lignid and vapor
lines and evaporators).

The Buckingham n-Theorem is useful for deriving non-dimensional groups and (especially)
geometrical ratios as shown by' an example of the liquid-line scaling. One and two-dimensional LHP
evaporator models based on energy equations take convection effects into account and are applied to
derive non-dimensional groups that can be used for scaling. Examples for such scaling are presented, both
for fluid to fluid and for geometrical scaling.

A set of dimensionless criteria for LHP design and operation were noted and analyzed in the second
part of the work. Criteria were based on general dimensionless numbers from heat and mass transfer
theory, heat pipe operational limitations adopted for LHP conditions, and LHP specific features. The use
of dimensionless analysis provides a better understanding of the physical phenomena in LHP and better
means for the comparison and generalization of data.

The presented set of dimensionless criteria can be used as an effective instrument of LHP scaling
design and operation analysis, which allows for the defining of the main physical processes in LHP, for
the estimation of the values and magnitudes of different forces, for the selection of a working fluid (group
of fluids), and for the development of an I.LHP evaporator prototype drawing. This set can be a useful
analytic tool for the advance of complex mathematical modeling using thermal-fluid differential
equations.

Furthermore, utilizing these dimensionless groups, scaling issues for reduction of size can be
determined and evaluated, thus aiding the development of miniature LHPs.

Finally, a detailed analysis of recent models and experimental data for condensing two-phase flow
regimes, pressure gradients, and local heat transfer coefficients in Earth-normal gravity and microgravity
conditions was made, and the results were summarized in Table 7. Based on the selected methods, the
analytical investigation of ammonia, propylene, and R134a two-phase condensing flow performances was
carried out. Special attention was given to pressure gradients and condensation lengths.

It was found that:

e The length of condensation in microgravity at certain conditions can be larger than the length of

condensation for a 1-g horizontal tube by several (even ten) times. The situation when lengths are
equal can also be realized (see Fig. 30).
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e Pressure drops in the condenser for micro- and normal gravity surroundings are not significantly
different, particularly because of their relationship to areas of small diameters and/or high heat
fluxes

o The engineering rough approach, when the two-phase flow pressure drop in the condenser is
replaced by the vapor flow pressure drop over the same distance, can give acceptable results for
ammonia condenser design calculations but is not valid in general for other working fluids and is
different from those considered in the paper operational conditions.

The verification of obtained results by experimental efforts, especially for ammonia local heat

transfer coefficients for condensation in tubes and annuli for both 1-g and micro-g environments, is
extremely desired. The derived scaling relations in the first part of the report must also be verified in

experimental studies as well.
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